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ABSTRACT OF THE DISSERTATION 

The chemical ecology of marine bacteria and the sediments they inhabit 

By 

Robert Nicholas Tuttle 

Doctor of Philosophy in Marine Biology 

University of California San Diego, 2018 

Professor Paul Jensen, Chair 

 

Since the first studies looking into how plant specialized metabolites provide defense 

from herbivory, the field of chemical ecology has explored how organisms interact within their 

environment, and how these interactions structure the ecosystem.  Over the last century, we 

have come to understand a lot about chemical signaling in plants and animals, but our 

understanding of bacterial chemical signaling is still in its infancy. This is partially because most 

of the focus has been placed on understanding bacteria potential for drug development as 

opposed to understanding their ecological roles. This thesis consists of five chapters and 

explores the interplay between bacterial specialized metabolites in marine sediments, their 



 
 

xviii 
 

producers, and their ecological roles, by focusing on the model marine bacterial genus 

Salinispora. What follows are three research chapters preceded by an introduction to chemical 

ecology. The introduction focuses on our current understanding of marine bacterial chemical 

ecology, followed by a brief description of cutting edge mass spectrometry techniques that are 

now being exploited to further our understanding of the chemical landscape in the environment. 

 Chapter 2 summarizes a study concerning the identification of specialized metabolites 

in situ and the correlation between these metabolites and their potential producers. 

Heterotrophic marine sediment bacteria are prolific producers of natural products, but 

surprisingly little is known about the compounds they produce in the environment and their 

effects on co-occurring microbes. Using mass spectrometry and molecular networking, 

characterization of the sediment metabolome was undertaken from Belizean reef habitats. 

Dereplication results revealed numerous compounds could be detected directly from the 

sediments including synthetic, sponge, algal, and bacterial metabolites. Interestingly, one of 

these compounds, the cytotoxin staurosporine, was further quantified and found to occur in the 

sediments at abundances higher than those established to inhibit protein kinases as well as 

marine organisms. A 16S rRNA community analysis as well as culturing helped correlate the 

production of staurosporine to the obligate marine actinomycete species Salinispora arenicola. 

These results indicate that microbial organisms are likely capable of producing cytotoxins in situ 

at appreciable quantities that likely impact the community structure of the sediment biome. 

 Since the cytotoxin staurosporine, which is produced by Salinispora, was found to be 

abundant in the sediments, chapter 3 explored the potential for Salinispora to deter predatory 

eukaryotic organisms. S. arenicola and S. tropica co-occur in the Caribbean and share greater 

than 99% 16s rRNA. A recent sequencing effort revealed that each species maintains a unique 

set BGCs, with S. arenicola containing the BGC to produce staurosporine and S. tropica the BGCs 
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to produce lomaiviticins, and salinosporamides. Numerous assays were developed to assess the 

ability of Salinispora spp. to deter feeding by the bacterivore C. elegans. Results indicated that 

S. tropica strains can produce a suite of lomaiviticins that deter C. elegans feeding at ecologically 

relevant concentrations, however; S. arenicola strains do not produce deterrent allelochemicals 

at ecologically relevant concentrations. Follow up studies using more ecologically relevant 

organisms indicated that this trend was still prevalent when tested against the marine 

polychaete Ophryotrocha n sp. as well as marine nematodes.  

 In chapter 3, I saw that Salinispora spp. exhibit different chemodeterrent strategies 

against bacterivorous eukaryotes. However, this study relied on constitutively produced 

specialized metabolites, even though there are numerous examples where microbial specialized 

metabolites can be induced in response to biotic stressors in the environment. To address this 

chapter 4 focuses on a high throughput method I developed to look at induction of specialized 

metabolites in co-cultures containing Salinispora and marine bacterial challengers. Results 

indicate that induction is prevalent in cocultures using all Salinispora strains tested. The induced 

mass features were also unique to cocultures indicating that induction is strain and not species 

specific. Efforts to identify compounds that were induced in cocultures resulted in the 

identification of a suite of desferrioxamines that were upregulated in some Salinispora strains 

in response to specific Streptomyces challengers, indicating that some Salinispora strains can 

modulate the production of iron scavenging specialized metabolites in response to stressors. 

Chapter 5 provides conclusions related to the thesis and how it fits into the broader 

context of marine microbial chemical ecology.
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CHAPTER 1 

Introduction 
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1.1 Introduction to Chemical Ecology 

Most organisms rely on chemosignaling to mediate interactions with each other and the 

environment (Paul and Ritson-Willliam, 2008; Hartmann, 2008). These interactions include 

fundamental ecological processes such as predation, communication, defense, larval 

recruitment, etc. (Paul and Ritson-Williams, 2008). The field of chemical ecology was born out 

of the desire to understand how these signals facilitate interactions between organisms in the 

environment. 

 Chemical ecology was pioneered by evolutionary and functional biologists in the mid to 

late 1800’s, who noticed that interactions between plants and herbivores seemed to be 

chemically mediated (Hartmann, 2008). However, much of their work was ignored for about a 

century, after which the study of chemical ecology, buoyed by developments in analytical 

techniques, started to flourish. Today thousands of chemically mediated interactions have been 

described, predominantly among macroorganisms (Hartmann, 2008). Some of the earliest work 

in the 20th century looked at sex pheromones, which have been shown to be integral to mating 

within insect species. One of the first examples of this was the pheromone driven recruitment 

of male conspecifics in certain moth species (Karlson and Butenandt 1959). The use of 

pheromones was then shown to be widespread  among sexually reproducing animal phyla 

(Takken and Dicke, 2006). Chemical signaling is not limited to interactions within species. Plants 

have been shown to possess a wealth of chemicals that aid in fitness and survival (Kappers et 

al., 2008; Ode, 2013). For example, geranium petals produce quisqualic acid which paralyzes 

predatory beetles (Popillia japonica) upon ingestion (Ranger et al., 2011). The effects of chemical 

signals on fitness has been realized across all domains of life from fungi to trees and from ants 

to elephants. 
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It has been well documented that microorganisms are also prolific producers of 

chemical signals. One of the earliest examples of this was the isolation of the antibiotic penicillin 

from the fungus Penicillium notatum by Alexander Flemming (Demain and Sanchez, 2009). 

Flemming’s discovery ushered in a new era of chemical discovery from microorganisms known 

as the “Golden age of antibiotics”.  Within a century, the understanding of how microbes 

interact within the environment had fundamentally changed (Raguso et al., 2015). Symbioses 

between fungus growing ants and microorganisms showed that co-opting microbial 

allelochemicals was not unique to humans, and that other organisms were capable of exploiting 

microbially derived compounds (Currie et al., 1999). Even plants were found to grow 

symbiotically with microbes that could confer resistance to soil borne plant pathogens. This 

symbiosis has been documented countless times in suppressive soils where crops are protected 

from pests due to bacterial allelopathy (Schlatter et al., 2017). One example is seen in the 

suppression of take-all disease in wheat by phenazine 1-carboxylic acid, a compound produced 

by Pseudomonas spp. in the rhizosphere (Thomashow et al., 1990). The interplay between 

organisms and their associated chemistry is well established in terrestrial ecosystems, but due 

to difficulties in accessing and studying marine organisms, the field of marine chemical ecology 

is still, comparatively, in its infancy. 

1.2 Marine Chemical Ecology - Eukaryotes 

Although marine chemical ecology is a relatively young field compared to its terrestrial 

counterpart, there is a wealth of information that has been elucidated. Chemical cues have been 

shown to help determine feeding, habitat, eukaryotic mating choices, as well as aid in defense 

across numerous taxonomic levels (Hay, 2009). The marine realm contains vast oligotrophic 

waters that require organisms to traverse great distances to find food sources. Organisms have 

evolved incredible chemosensory abilities to track down food sources in this environment 
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(DeBose and Nevitt, 2008). For instance numerous foraging birds that feed on zooplankton are 

known to sense areas of the ocean giving off high levels of dimethyl sulfide (DMS), a compound 

secreted in areas where zooplankton are grazing on phytoplankton (Nevitt and Bonadonna, 

2005). However, some consumers, known as specialists, have specific food preferences and can 

be attracted to unique chemical signals given off only by their specific food source. For example, 

the crab Caphyra rotundifrons has been shown to feed on the alga Chlorodesmis fasrtigiata, 

which produces the cytotoxic diterpenoid chlorodesmin. Although this compound deters most 

herbivorous fish species, it serves as a chemoattractant to the crab (Hay et al., 1989).  

When it comes to defense from consumers, the marine realm is teaming with examples 

of chemically mediated protection. Numerous organisms produce toxic or noxious compounds 

to deter predation (Hay, 1996). Ascidians are nonmotile, fleshy organisms that are rarely 

consumed by predators (Stoecker, 1980). Studies have shown that this is due to their production 

of noxious specialized metabolites (Paul et al., 1990; Pisut and Pawlik, 2002). Even 

phytoplankton have been shown to produce allelochemicals to suppress predation (Wolfe, 

2000). For example, Phaeodactylum triconutum produce a suite of apo-fucoxanthinoids that 

deter predation from the copepod Tigriopus californicus (Shaw et al., 1995).   

Proper habitat selection is imperative for organisms that undergo metamorphosis from 

larvae to nonmotile adults due to their need to settle in areas where they can either protect 

themselves, be close to potential mates, or find food sources. Some organisms, such as 

barnacles, rely on chemical cues released by established adults in order to find a suitable 

substrate (Dreanno et al., 2006). Coral and polychaete larvae are known to settle and even 

metamorphize in response to chemical conditions in the substrate (Pawlik, 1992). There is little 

known about what cues are responsible for larval recruitment; however, there is growing 
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evidence that microbial assemblages and their chemistry are responsible for the settlement of 

sponge and coral larvae (Pawlik, 1992; Whalan and Webster, 2014). 

Similar to pheromones released by terrestrial organisms, chemical signals are also used 

to attract or find mates in the ocean (Bushmann and Atema, 2000; Hay, 2009; Snell and Morris, 

1993). Copepods have been shown to increase swimming speed when they come across a 

female pheromone trail, swimming back and forth at rapid speeds until they locate a female, 

and attempt to mate (Bagøien and Kiørboe, 2005). Crustaceans also depend heavily on chemical 

signaling for mate attraction, where males gravitate towards sexually mature females due to 

pheromones sensed in the environment (Breithaupt and Thiel, 2011). These cues are so 

dominant that males have been shown trying to copulate with sponges soaked in minimal 

amounts of the stimulating compound (Hay, 2009).  

1.3 Marine Chemical Ecology - Prokaryotes 

As our ability to study the ocean has increased with the advent of more advanced 

technologies, we are beginning to understand that numerous eukaryotic interactions are 

actually mediated by bacterially derived specialized metabolites (Armstrong et al., 2001; Piel, 

2009). Sponges are home to a consortium of bacteria that produce untold numbers of 

cytotoxins, protecting them from potential predators and infection (Hentschel et al., 2012; Piel, 

2009). However, when comparing the number of bacterially derived specialized metabolites that 

have been elucidated to those ascribed to an ecological role, it is clear that there is still a lot to 

be learned.  

Studying bacteria that are not associated with eukaryotes is much more difficult since 

many free living, heterotophic bacterial species occur at a low abundance in the environment, 

which has hampered our ability to figure out the ecological roles of their specialized metabolites.  
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Even though few marine bacterial secondary metabolites have been linked to ecological 

functions, many of those that have fall into several broad categories including: communication, 

nutrient sequestration, or antagonism (Hider and Kong, 2010; Straight and Kolter, 2009; Wietz 

et al., 2013).  

Quorum sensing is a method by which bacteria use chemical signaling for intraspecies 

communication.  It has been shown that quorum sensing mediates biofilm formation, secondary 

metabolite production, motility, and bioluminescence (Miller and Bassler, 2001). Bacteria also 

produce specialized metabolites to aid in acquiring nutrients that may be limited in the 

environment. Since bioavailable iron species typically occur at low concentrations in the marine 

realm, iron scavenging siderophores are quite common in bacteria (Hider and Kong, 2010).  

Specialized metabolite mediated antagonism is the focus of this thesis and will be 

explored in more detail in the remaining section. Marine bacterial antagonistic natural products 

have been shown to work in numerous ways including: sequestering limited nutrients, inhibiting 

microbial organisms, or impeding eukaryote predation (Bernier and Surette, 2013; Jousset, 

2012; Wietz et al., 2013). Therefore, bacterial community structure can be affected by the 

antagonistic compounds produced.    

1.3.1 Nutrient limitation 

 Due to the density of microbes that occur in the ocean, competition for limiting 

nutrients can greatly affect community composition. Typically, oceans have low levels of 

bioavailable iron, creating demand for this limiting resource. In response, some microbes have 

evolved the ability to produce siderophores, which can act as extracellular iron sequestration 

compounds (Butler, 2005; Hider and Kong, 2010). Siderophore producing organisms are thus 

able to draw down iron to the point where other microbes are unable to grow (Hider and Kong, 



 
 

7 
 

2010). For instance, there is evidence that closely related Vibrio species are capable of deterring 

one another through nutrient competition (Pybus et al., 1994). A strain of V. anguillarum was 

shown to inhibit the growth of V. ordalii through siderophore production and the addition of 

bioavailable iron negated this effect (Pybus et al., 1994). Although numerous siderophores have 

been discovered from marine microbes, little is known about how these compounds specifically 

alter the community composition around their producers. 

1.3.2 Prokaryote – prokaryote allelopathy 

Bacteria also use secondary metabolites to directly inhibit other bacterial community 

members (Wietz et al., 2013). For instance, in biofilms, where bacterial densities are greatly 

increased in comparison to the surrounding environment, bacteria have developed specialized 

metabolites to inhibit other prokaryotes from settling.  An example of this is seen in Phaeobacter 

sp., which produce indigoidine, a compound that inhibits biofilm formation in Vibrio fischeri 

(Cude et al., 2012). Inhibition of quorum sensing through the production of “quorum-

quenching” compounds also provides a route for microbes to compete with other bacterial 

species. For instance, tumonic acids produced by the cyanobacterial species Blennothrix 

cantharidosmum were shown to inhibit bioluminescence in Vibrio harveyi, a phenomena that is 

dependent on quorum sensing (Clark et al., 2008). Despite elucidating numerous roles that 

specialized metabolites can serve in prokaryote-prokaryote allelopathy, few bioactive 

metabolites have been linked to these roles, leaving an enormous number of compounds that 

serve unknown functions. 

1.3.3 Prokaryote – Eukaryote allelopathy 

There is little known about eukaryote predator deterrence mediated by secondary 

metabolites produced by marine bacteria. It has been well established that marine bacteria are 
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prolific producers of cytotoxic compounds, but few of these compounds have been tested for 

ecological function. Most of our current understanding stems from cyanobacteria, where 

numerous cytotoxins have been shown to deter grazing (Cruz-Rivera and Paul, 2007; Nagle and 

Paul, 1998). For instance, the cyanobacterial species Lyngbya majuscule (Moorea producens) 

produces both malingamide and majusculamides which have been shown to deter pufferfish 

grazing (Pennings et al., 1996). However, heterotrophic marine bacteria can also produce 

compounds capable of deterring predation. Pseudomonas luteoviolacea for instance produces 

violacein, a purple alkaloid that inhibits protozoan feeding at sub-mM concentrations (Matz et 

al., 2008). Marine sediments are home to numerous secondary metabolite rich, heterotrophic 

bacteria that are capable of producing cytotoxic compounds. However, there has yet to be a 

study linking any of these compounds to potential ecological roles. 

One limitation with studies elucidating the ecological roles of bacterial specialized 

metabolites is that they are typically conducted in laboratory settings. However, the production 

of these compounds in nature and how they impact the sediment community is poorly 

understood. In order to understand the effects of a bacterial secondary metabolites on the 

microbial community, a multifaceted approach needs to be considered including community 

analysis, metabolomics, and ecological testing of chemical compounds on members of the 

community. 

1.4 Induction of bacterial specialized metabolites 

 Many bacterial chemical ecology studies are typically conducted axenically using 

unnatural culturing conditions which usually fail to consider environmental stressors that may 

impact specialized metabolism. The notion that stressors can induce compound production is 

something that is only starting to be understood (Abdelmohsen et al., 2015; Okada and 
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Seyedsayamdost, 2017). The advent of genomic sequencing has provided unparalleled amounts 

of information concerning the biosynthetic gene cluster content of bacteria. This has led to the 

understanding that numerous bacterial species possess more BGCs than compounds that have 

been isolated using traditional culturing techniques (Bentley et al., 2002; Janso and Carter, 2010; 

Letzel et al., 2017; Nett et al., 2009). Molecular techniques have been implemented to express 

these orphan or cryptic BGCs in hosts that are more genetically tractable (Chiang et al., 2011); 

however, these techniques can be labor intensive and have limited success.  Therefore, efforts 

are also being taken to use inducers that can turn on or upregulate specialized metabolite 

production (Bertrand et al., 2013; Okada and Seyedsayamdost, 2017; Seyedsayamdost, 2014; 

Traxler et al., 2013). The use of chemical elicitors to stimulate specialized metabolite production 

has shown marked success, with high throughput screening methods being used to challenge 

bacterial species with hundreds to thousands of chemical elicitors at a time (Craney et al., 2012; 

Seyedsayamdost, 2014). Typically these studies use small compound libraries which include 

compounds of non-biologic origin including synthetic compounds, heavy metals, rare earth 

metals, etc. (Abdelmohsen et al., 2015). For instance, screening of Streptomycetes against 

30,569 chemical elicitors resulted in the identification of 19 induced compounds (Craney et al., 

2012).  

 Induction can also be brought about by manipulating the expression of biosynthetic 

gene clusters in a non-targeted manner. For example, ribosome engineering is a technique by 

which antibiotics that target the ribosome or RNA polymerase are added to a culture to create 

mutations in the cellular machinery resulting in upregulated expression of cryptic BGCs. 

Successes have included the upregulation of actinorhodin from Streptomyces treated with 

rifampicin, due to a mutation in the gene encoding the β-subunit of the ribosome  (Xu et al., 

2002). 
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Other techniques used to induce metabolite production look to the natural environment 

to find stressors.  Introducing bacterial competitors and biologically derived small molecules to 

a traditional culturing paradigm has been shown to induce numerous specialized metabolites 

through various means such as cell-cell contact, nutrient supplementation, and small molecule 

interactions (Okada and Seyedsayamdost, 2017). The following section will explore successes 

from each of these examples. 

1.4.1 Cell to cell contact 

 Induction of specialized metabolites as a result of cell to cell contact has been widely 

explored in the fungal realm, where numerous compounds have been found to be induced when 

fungi come into contact with bacteria (Cueto et al., 2001; Nützmann et al., 2011; Schroeckh et 

al., 2009). However, to a lesser extent, it has been shown that certain bacteria can regulate their 

metabolism when in contact with another organism. Recently, it was shown that when 

Streptomyces come into contact with mycolic acid containing bacteria, they alter their 

biosynthesis of specialized metabolites (Onaka et al., 2011). However, these changes are not 

seen if cell free supernatant or chemical extracts are added to the Streptomyces culture. When 

coculturing Streptomyces lividans with T. pulmonis, phenotypic changes include the production 

of pigmented compounds as well as the novel antibiotic alchivemycin A (Onaka et al., 2011).  

1.4.2 Nutrient supplementation 

As mentioned previously, specialized metabolites can aid in nutrient acquisition. 

Interestingly some of these compounds can be promiscuous, allowing for numerous bacterial 

species to uptake them (Okada and Seyedsayamdost, 2017). Some iron chelators or 

siderophores are capable of being used by multiple actinomycetes. These siderophores can 

provide the requisite nutrients to induce specialized metabolism within bacterial species even if 
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they were not the producers of the siderophore. For instance, the siderophore desferrioxamine 

E produced by Streptomyces griseus was shown to enhance secondary metabolism and growth 

in Streptomyces tanashiensis (Yamanaka, 2005).  

1.4.3 Small molecules 

Since numerous bacteria are prolific producers of specialized metabolites, it is not 

surprising that these compounds can act as inducers. For instance, the oligopeptide goadsporin, 

produced by actinomycetes, has been shown to act as a general inducer of Streptomyces 

specialized metabolism as well as the production of the blue pigment actinorhodin (Igarashi et 

al., 2001). However, it is not always bacterial compounds that can act as inducers; fungal 

compounds have been shown to induce the production of antifungal compounds in bacteria. 

This can be seen in a Streptomyces sp. that overproduces the antifungal compound irumamycin 

in response to heat-killed fungi addition (Fourati-Ben Fguira et al., 2008).  

Overall, there appears to be a plethora of unrealized biosynthetic potential in microbes. 

Given that traditional culturing rarely introduces environmental factors typically realized by 

bacteria in their native habitats, it is of no surprise that bringing the environment into the 

laboratory has led to the isolation of numerous novel metabolites. However, these studies have 

barely scratched the surface, and numerous prolific natural product producers have not been 

subjected to any sort of coculturing studies. Some sediment actinomycetes have been shown to 

be prolific natural product producers; however, there has been little effort to understand the 

ecological roles of secondary metabolites and how that can be affected by biotic stressors (Wietz 

et al., 2013).  
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1.5 Sediment bacteria – Focusing on Salinispora  

Marine sediment environments are dynamic habitats that contain an extraordinary 

amount of biomass. The microbial abundance in a gram of sand is in the magnitude of 1011 cells 

(Alongi, 1988), which helps support numerous bacterivorous eukaryotes including polychaetes, 

nematodes, and protozoans (Andresen and Kristensen, 2002; Moens et al., 1999; Pernthaler, 

2005). Also, shallow benthic regions have drawn analogies to the rainforest biome because they 

promote extensive biodiversity, which has led to the evolution of many species that are stuck in 

a constant arms race to maintain their niche (Bouchet et al., 2002; Reaka-Kudla et al., 1996; Vos, 

2009). For instance, individual sand grains are thought to harbor anywhere from 3,000-6,000 

unique bacterial species, with species distributions varying greatly from grain to grain (Probandt 

et al., 2018). This structure is thought to be maintained partially due to the production of 

antagonistic secondary metabolites by microorganisms (Patin et al., 2015). However, very little 

is known about the interactions mediated by sediment bacteria, partially due to the difficulty in 

finding suitable organisms to conduct studies.The marine obligate actinomycete genus 

Salinispora provides a useful model to address the ecological functions of secondary metabolites 

from heterotrophic sediment bacteria. So far three Salinispora species have been named, 

S.  tropica, S. arenicola, and S. pacifica. All three species are prolific producers of secondary 

metabolites (Jensen et al., 2015, 2007). Compounds have been isolated from Salinispora spp. 

that exhibit antimicrobial properties, such as rifamycin, as well as compounds with cytotoxic 

properties, such as the staurosporines, lymphostin, lomaiviticins, and salinasporamides (Jensen 

et al., 2015).  Most of these compounds have been tested for pharmaceutically relevant activity, 

but there have been few efforts to address the possible ecological roles that these compounds 

may serve. Interestingly, S. tropica and S. arenicola seem to have diverged despite co-occurring 

in tropical sediments and containing >99% 16S rRNA identity, thus indicating that they must be 
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ecologically distinct. One reason may be that they represent different ecologically cohesive units 

or ecotypes, and therefore inhabit different niches within the sediment (Cohan, 2002). Previous 

studies have shown that when it comes to prokaryotic competition, S. arenicola participates in 

antagonistic allelopathy by producing antibiotics, whereas S. tropica typically grows quicker and 

competes through resource limitation (Patin et al., 2015). This indicates that these closely 

related species are differentiated due to ecological specialization defined by their secondary 

metabolism.   

A recent large scale sequencing effort of 119 Salinispora strains from all three species 

was undertaken and an analysis of the Salinispora pan genome has allowed the enumeration of 

over 170 unique secondary metabolite pathways (Letzel et al., 2017; Ziemert et al., 2014). 

However, this number is markedly higher than the number of compounds that have been 

isolated from Salinispora, indicating that this species has additional biosynthetic 

potential.  Efforts to heterologously express these pathways have met with some success (Bonet 

et al., 2015), however ecological approaches could yield new compounds and provide insight 

into their functional roles in marine sediments.  

There are several reasons for the discrepancy between the number of BGCs within the 

Salinispora genus compared to the number of specialized metabolites that have been identified. 

Very little is known about the transcription and translation of these BGCs, which means that the 

compounds they code for may never be produced. Also, limitations in analytical techniques may 

hinder our abilities to discover these specialized metabolites. However, thanks to recent 

developments in analytical techniques, specifically in the field of mass spectrometry, these 

limitations are now being overcome. The following section will cover some of these 

advancement in the field of mass spectrometry. 
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1.6 Advancements in Mass Spectrometry 

The difficulty in finding quick and easy ways to dereplicate metabolites from complex 

chemical mixtures has plagued the natural product world for many years. The ability to simply 

identify what molecules are present in a rather robust and timely manner is only now in its 

infancy. Partially, this was due to lack of public databases containing mass information, as well 

as lack of sensitive machinery that could process complex samples (Bouslimani et al., 2014). 

However, the last 20 years have seen numerous advances in the field of mass spectrometry that 

are paving the way for detection of single molecule compounds (Naik et al., 2009) at an accuracy 

of 1 part per billion (much lower than the accepted 5 ppm accuracy for mass detection) 

(Bouslimani et al., 2014). Although high mass accuracy at a single molecule detection limit may 

not be the standard used in most labs, the current capabilities of mass spectrometers are 

allowing for detection of minute compounds in complex mixtures at below 5 ppm accuracy. This 

technology is now being exploited to generate pipelines that can quickly compare and 

dereplicate samples (Wang et al., 2016). Using these tools, one can quickly figure out what 

features are present within samples and how samples vary from one another.  

The advent of mass spectrometry has paved way for the collection of massive amounts 

of spectra from relatively complex samples. One of the current bottlenecks is how to compare 

these enormous datasets (Bouslimani et al., 2014). For instance, in human metabolomics, the 

difference between a disease state and healthy state may be signified by a few metabolites. 

However, analyzing samples from healthy and diseased patients may generate thousands to 

millions of MS features (Martinez et al., 2017). Therefore, emphasis has been placed on 

developing statistical programs to quickly sift through MS chromatograms to identify novel or 

unique MS features. One such program, entitled Metaboanalyst, was generated to help process 

this wealth of data, run numerous statistical analyses, and provide visualization tools to help 
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interpret complex mass spec-based datasets. The need for these sort of pipelines is made 

obvious by the use that Metaboanalyst receives; ~1.8 million jobs in the last 12 months (Chong 

et al., 2018).   

However, most mass spectrometers can also provide unique structural information 

about ionized compounds by subjecting them to multiple rounds of fragmentation. Only 

recently has the use of MSn been incorporated into analysis pipelines to facilitate dereplication. 

Where MS1  can provide information about the relative quantity or presence / absence of a 

unique feature in a sample, MS2 can further provide information about the structural elements 

and chemical relatedness of two entities. The principle exploited by these analyses is that 

compounds that possess similar chemical structures should fragment in a relatively analogous 

manner (Kind and Fiehn, 2010). Therefore, by comparing fragmentation spectra, connections 

can be drawn between the chemical relatedness of different features (Wang et al., 2016). 

However, these sorts of analyses can be time consuming and computationally intensive. 

Programs are being developed to circumvent these issues, including MS-Cluster which 

condenses identical ions thus deconvoluting large datasets (Frank et al., 2008). The Global 

Natural Products Social Molecular Networking pipeline (GNPS) synthesizes these programs 

elegantly into an online package that helps in the generation of molecular networks, or networks 

that group compounds based on structural similarity as determined by MS/MS fragmentation 

(Wang et al., 2016). Combining this network with a MS/MS fragmentation library has allowed 

for a relatively quick way to dereplicate a dataset. This allows a higher degree of confidence 

when it comes to compound identification since the accurate mass and mass fragments are used 

in tandem to verify compound identity. Also, these networks can be used to identify analogues 

of known compounds, since they produce similar fragmentation spectra and will network closely 

together (Wang et al., 2016).  
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1.7 Summary of Thesis 

In my thesis, I aim to provide new insight into the chemical ecology of Salinispora 

secondary metabolism using these mass spectrometry-based approaches. For the first research 

chapter (chapter 2), I examined the tropical benthic metabolome to identify specialized 

metabolites in situ. This chapter is largely in the form of a manuscript that has been prepared 

and submitted for publication. I then linked these metabolites to potential producers using 

metagenomics and a 16S rRNA community analysis. Interestingly cytotoxic specialized 

metabolites produced by Salinispora were dereplicated from the sediment metabolome, 

indicating that they may be serving as a feeding deterrent. Due to these findings, I decided to 

look at the effects of the Salinispora metabolome on predation for chapter 3. Both S. arenicola 

and S. tropica were tested, revealing that S. tropica compounds deterred feeding whereas S. 

arenicola extracts actually acted as chemoattractants. Bioassay guided fractionation indicated 

that the cytotoxin lomaiviticin was the main deterrent in the S. tropica extracts.  

One of the caveats with classic chemical ecology studies using bacteria is that culturing 

typically does not reflect interactions realized in the environment. Therefore, for chapter 4, I 

decided to test the effects of biotic stressors on Salinispora natural product production.  Large 

scale genome sequencing efforts have revealed that Salinispora contain more BGCs than 

specialized metabolites seen under typical culturing efforts. Therefore, I cocultured Salinispora 

with ecologically relevant bacterial stressors to see the effects on the overall “inductome” of 

Salinispora cocultures. Results of these cocultures indicated that induction is common in 

cocultures using Salinispora, and that each coculture condition appears to induce unique mass 

features, indicating strain specificity when it comes to induction. Desferrioxamines were 

dereplicated in cocultures, and further studies showed that these siderophores were 

upregulated when S. tropica strain CNB440 was treated with Streptomyces.   
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Chapter 2 

The Detection of Specialized Metabolites and Their Producers in Ocean Sediments 
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2.1 Abstract 

Thousands of specialized metabolites have been identified from cultured 

microorganisms yet evidence of their production in nature has proven elusive. Technological 

advances in mass spectrometry combined with public databases are providing new 

opportunities for the rapid identification of compounds from complex mixtures derived directly 

from environmental samples. Here we used adsorbent resins, tandem mass spectrometry, and 

next generation sequencing to provide a first glimpse into the metabolome of marine sediments 

and its relationship to bacterial community structure as well as its potential for natural product 

biosynthesis. We identified specialized metabolites previously reported from bacteria, providing 

evidence that these compounds are produced in situ. We also identified a compound previously 

reported from a marine sponge, suggesting it may be of microbial origin, and compounds of 

anthropogenic origin, suggesting this approach can be used as an indicator of environmental 

impact. The bacterial metabolite staurosporine was quantified and shown to reach 

physiologically relevant concentrations in marine sediments, suggesting that microbial 

specialized metabolites can influence community structure and predator-prey relationships. 

Staurosporine concentrations correlated with the relative abundance of the staurosporine 

producing bacterial genus Salinispora with production confirmed in strains cultured from the 

same location providing links between compounds and candidate producers. These results 

provide evidence that coupling environmental metabolomics with community analyses can 

reveal relationships between specialized metabolites, the organisms that produce them, and 

their roles in shaping community structure. 
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2.2 Introduction 

Bacterial natural products account for many of today’s most useful medicines (Bérdy, 

2005). These “specialized metabolites” are traditionally isolated from bacteria cultured in the 

laboratory, leaving us with little understanding of when, why, and at what concentrations they 

are produced in nature (Davies, 2006). Laboratory culture conditions also bear little 

resemblance to those experienced by microbes in nature and thus may lack cues required to 

induce specialized metabolite biosynthesis. This possibility is supported by the large number of 

“orphan” biosynthetic gene clusters (BGCs) detected in bacterial genomes (Letzel et al., 2017; 

Milshteyn et al., 2014; Rutledge and Challis, 2015) and mounting evidence that interactions with 

other microbes induce specialized metabolite production (Burgess et al., 1999; Luti and 

Mavituna, 2011; Patin et al., 2018; Slattery et al., 2001; Traxler et al., 2013; Trischman et al., 

2004). 

Relative to the thousands of natural products discovered from cultured bacteria, few 

have been detected directly in nature. Exceptions include compounds reported from marine 

invertebrates that were subsequently shown to be of microbial origin (König et al., 2006; Wilson 

et al., 2014). Suppressive soils provide another example (Mazzola, 2002; Raaijmakers et al., 

2002). In this case, bacterial metabolites  have been detected in soils and further linked to the 

inhibition of plant pathogens (Raaijmakers et al., 1999; Thrane et al., 2000), providing a rare 

example in which ecological effects have been assigned. The natural ability of soil microbes to 

suppress plant pathogens via the production of biologically active natural products is an 

essential component of healthy soil ecosystems, contributes to the success of commercial 

agriculture, and demonstrates that these compounds can affect community composition. 

Microbial natural products have also been detected in the context of monitoring marine toxins 

(Lane et al., 2010). Here, polyaromatic resins were used to extract water-borne toxins such as 
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domoic acid (Kudela, 2011; Lane et al., 2010; Takahashi et al., 2007). While this approach has 

been further developed to study allelopathy among soil microorganisms (Weidenhamer et al., 

2014), it has yet to be more broadly applied to the detection of bacterial specialized metabolites 

in marine ecosystems. Methodological advances in mass spectrometry coupled with pipelines 

for the visualization of complex datasets (Dunn et al., 2013; Petras et al., 2016; Wang et al., 

2016) provide new opportunities to assess environmental metabolomics and the ecological 

functions of specialized metabolites. 

Bacteria cultured from ocean sediments represent a relatively new source of specialized 

metabolites (Blunt et al., 2015; Fenical and Jensen, 2006; Manivasagan et al., 2014; Mondol et 

al., 2013). While poorly studied relative to seawater bacteria, they occur in high abundance 

(Schmidt et al., 1998) and form complex communities (Ghosh et al., 2010; Uthicke and McGuire, 

2007). While there is evidence that natural products mediate interactions among marine 

bacteria (Angell et al., 2006; Dong et al., 2007; Hibbing et al., 2010; Kinkel et al., 2014; Simões 

et al., 2008; Wietz et al., 2013), their effects on the microbial community remain poorly studied. 

Here we employed adsorbent resins and mass spectrometry to analyze the metabolomes 

associated with marine sediment communities across a range of coastal habitats off Belize. The 

results reveal complex chemical landscapes and the identification of numerous metabolites 

including those of microbial, invertebrate, and anthropogenic origin. The compounds identified 

included staurosporine, which occurred at concentrations that indicate its potential to function 

as an allelochemical. Coupling bacterial community analyses with environmental metabolomics 

provides new opportunities to correlate specialized metabolites with producers and a new 

window with which to address questions in marine chemical ecology. 
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2.3 Materials and Methods 

2.3.1 Locations and samples 

Five sites near the Smithsonian field station at Carrie Bow Cay, Belize were selected for 

metabolome and sediment sampling between 3-7 September 2015. The sites were 

characterized as: 1) shallow reef (depth: 8 m, 16° 47.901’ N, 88° 04.995’ W), 2) reef slope (depth: 

20 m, 16° 48.191’ N 88° 04.691’ W), 3) mangrove channel (depth: 1 m, 16° 49.546’ N 88° 06.408’ 

W), 4) lagoon reef (depth: 6 m, 16° 47.726’ N 88° 07.349’ W), and 5) seagrass bed (depth: 1 m, 

16° 48.174’ N 88° 04.925’ W). For sediment metabolome analysis, nine hand-made Miracloth 

(EMD Millipore) bags each containing ca. 80 g of MeOH activated HP20 adsorbent resin (Diaion) 

were buried just below the surface of the sediment over an area ca. 1 m2 at each site. After 24 

hours, the bags were retrieved and stored frozen (-20°C) prior to elution. One similarly prepared 

resin bag was used as a negative control. Five replicate sediment samples (ca. 80 g each) were 

also collected in sterile Whirl-pak® bags (Sigma-Aldrich) from each site for bacterial cultivation 

and additional metabolomic analyses. A subsample from each site was transferred into a 50 mL 

falcon tube with RNAlater (ThermoFisher) for molecular (DNA) analysis. All samples were stored 

frozen (-20°C) prior to processing. 

2.3.2 Resin extraction and analysis 

The HP20 resin samples from each site were removed from the Miracloth bags, 

combined, and suspended in 500 mL of 1:1 DCM:MeOH for 30 min in a 2.8 L Fernbach flask while 

shaking at 190 rpm on a G10 Gyrotary Shaker (New Brunswick Scientific). The solvent was 

collected by filtration through qualitative P8 coarse fluted filter paper (Fisher Scientific, 

Hampton, NH), dried by rotary evaporation, and re-extracted with EtOAc followed by MeOH. 

The combined extracts were filtered (0.2 μm) to remove particulates and sites 2-5 subjected to 
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C18 reversed phase flash chromatography using an acetonitrile/water gradient (100% H2O, 20% 

ACN, 40% ACN, 60% ACN, 80% ACN, and 100% ACN). The fractions were dried by rotary 

evaporation, dissolved in MeOH at 1 mg/mL, and subjected to LC-MS/MS analysis by injecting 5 

µL into an Agilent 1290 UHPLC system. The site 1 crude extract was similarly analyzed. 

Chromatographic separation was achieved at 40°C using a flow rate of 0.5 mL/min and a 1.7 µm 

C18 (50 x 2.1 mm) Kinetex UHPLC column (Phenomenex). A linear gradient of solvents A [water 

and 0.1% formic acid (v/v)] and B [acetonitrile and 0.1% formic acid (v/v)] was used: 0-0.5 min 

(5% B), 0.5-8 min (5-95% B), 8-9 min (95% B). The column eluent was introduced directly into a 

Bruker Daltonics microTOF focus II quadrupole-time-of-flight mass spectrometer (mtq) 

equipped with an Apollo II electrospray ionization source and controlled via otofControl v3.4 

(build 16) and Hystar v3.2 software packages (Bruker Daltonics). The mtq instrument was first 

externally calibrated using ESI-L Low Concentration Tuning Mix (Agilent Technologies) prior to 

sample analysis and the internal calibrant (lock mass) hexakis (1H,1H,2H-

difluoroethoxy)phosphazene (Synquest Laboratories), m/z 622.0295089613, was continuously 

introduced during the entirety of each LC/MS run. Data were collected in positive ion mode, 

scanning from 100-2000 m/z. Instrument source parameters were set as follows: nebulizer gas 

(nitrogen) pressure, 3 Bar; capillary voltage, 4,500 V; ion source temperature, 200°C; dry gas 

flow, 9 L/min. MS1 spectral acquisition rate was set at 2 Hz and MS/MS acquisition rate was 

variable (5-10 Hz) depending on precursor intensity. Data-dependent MS/MS acquisition was 

programmed to the top ten most intense precursors per MS1 scan and precursors were actively 

excluded for 0.5 minute after being fragmented twice.  Each MS/MS scan was the average of 4 

collision energies, paired optimally with specific collision RF (or “ion cooler RF”) voltages and 

transfer times in order to maximize the qualitative structural information from each precursor. 

The MS/MS data were converted to mzXML and uploaded to the MASSive server 

http://www.synquestlabs.com/product/id/52381.html
http://www.synquestlabs.com/product/id/52381.html
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(https://massive.ucsd.edu/) via the FTP client Filezilla (https://filezilla-project.org). Data are 

publicly available at http://gnps.ucsd.edu under accession number 

MSV000080241   and    MSV000079620. 

MS data were analyzed using the Global Natural Products Social Molecular Networking 

(GNPS) pipeline (Wang et al., 2016) using a modification of previously validated parameters 

(Duncan et al., 2015). Only parent ions that fragmented at least twice were included. Networks 

were visualized using Cytoscape (http://www.cytoscape.org/cy3.html) with the built in solid 

layout (Smoot et al., 2011). Nodes with a cosine score >0.95 were combined into consensus 

spectra. The algorithm parameters included mass tolerance for fragment peaks (0.3 Da), parent 

mass tolerance (1.0 Da), a minimum number of matched peaks per spectral alignment (4), a 

maximum component size of 1, and a minimum cosine score of 0.6. Nodes in the top ten cosine 

scores (K parameter) in both directions were connected by an edge. MS/MS spectra from “no 

injection blanks” and negative controls were subtracted from the network to remove both 

instrument noise and parent ions associated with the resin extraction protocol.  

Compounds were identified using the GNPS reference library, which contains over 

220,000 curated spectra (Wang et al., 2016). To minimize false positives, a false discovery rate 

(FDR) analysis was conducted using the Passatutto test on GNPS. This test generates a decoy 

library to assess the rate at which a user’s submitted spectra match spectra in the decoy library 

for a range of minimum matched peaks and cosine (similarity) scores (Scheubert et al., 2017). 

Parameters were set to maintain a false discovery rate below 1% (Fig. 2.1). Library matches were 

assigned if they shared at least four MS/MS peaks, were within one Dalton, and had a similarity 

score above 0.65. Mirror spectra plots generated in GNPS were used to manually investigate all 

spectral matches. Positive matches to short amino acid sequences or primary metabolites were 
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excluded. 

Four of the nine compounds identified were compared to authentic standards 

[staurosporine (NETA Scientific), erucamide (VWR), cocamidopropyl betaine (Spectrum), and 

monactin (Santa Cruz Biotechnology)] using the Chemical Analysis Working Group’s established 

criteria (Sumner et al., 2007). These included retention time, fragmentation spectrum, and mass 

matching using a Dionex UltiMate 3000 HPLC (ThermoFisher Scientific, Waltham, MA) coupled 

to a Bruker impact HD qTOF mass spectrometer. Chromatographic separation was achieved at 

40°C using a flow rate of 0.5 mL/min and a Kinetex C18 (1.7 μm, 100Å) column (50 mm x 2.1 

mm) (Phenomenex). A linear gradient of solvents A [water and 0.1% formic acid (v/v)] and B 

[acetonitrile and 0.1% formic acid (v/v)] was used:  0-1 min (5% B), 1-2 min (5-40% B), 2-8 min 

(40-100% B), 8-9 min (100% B).    

For the mass spec analysis, data were collected in positive ion mode, scanning from 800-

2000 m/z.  Instrument source parameters were set as follows: nebulizer gas (nitrogen) pressure, 

3 Bar; Capillary voltage, 4,500 V; ion source temperature, 200°C; dry gas flow, 9 L/min. MS1 

spectral acquisition rate was set at 3Hz and MS/MS acquisition rate was variable depending on 

precursor intensity. Data-dependent MS/MS acquisition was programmed to the top ten most 

intense precursors per MS1 scan and precursors were actively excluded for 0.5 minute after 

being fragmented twice.  Each MS/MS scan was subjected to five collision energies, 3eV and 

stepped 50%, 75%, 150%, and 200% in order to maximize the qualitative structural information 

from each precursor. HP-921 lock mass was introduced during the entirety of the mass spec run. 
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2.3.3 Staurosporine quantification 

Three replicate sediment samples ranging from 6-11 mL from each site were extracted 

with 50 mL of 1:1 DCM:MeOH. The extracts were filtered, the solvent removed under a stream 

of nitrogen, and the remaining water dried via lyophilization. The dried extracts were solubilized 

in MeOH and adsorbed onto 100 mg C18, loaded onto 2 g Isolute SPE C18 columns (Biotage), 

and subjected to flash chromatography using a 20% acetonitrile:water step gradient. The 

fractions were dried by rotary evaporation, dissolved in 2 mL MeOH, and 30 µL injected into an 

Agilent 1100 series HPLC with a Phenomenex Kinetex C18 reversed-phase column (2.6 mm, 100 

x 4.6 mm) using a flow rate of 0.7 mL/min. A linear gradient of solvents A [water and 0.1% formic 

acid (v/v)] and B [acetonitrile and 0.1% formic acid (v/v)] was used with 0-2 min (5% B), 2–14 

min (5–100% B), 14-15 min (100% B). The divert valve was set to waste for the first 2 min. 

Figure 2.1 Estimated false discovery rates based on the minimum number of product ions 
used to match sediment spectra to library spectra for different cosine (similarity) scores. 
Lines are drawn at 1% and 5% FDR rates.   
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Staurosporine was identified based on retention time and UV-spectral matching in comparison 

with an authentic standard (NETA Scientific). The average area under the curve for the 

staurosporine peak (350 nm) was calculated for triplicate extracts from each location and 

converted to concentration using the best fit line equation generated in R (R Development Core 

Team, 2011) for a standard curve generated from an authentic standard. 

Biologically relevant sediment volumes were calculated by subtracting the inorganic 

volume from the total sediment volume of each sample. Inorganic volumes were determined at 

each site using standard protocols (Parker, 1983) by first oven drying (60°C for 48 h) triplicate 5 

mL volumes of wet sediment. The dried sediments were then treated with excess 20% H2O2, 

heated (60°C) for 30 minutes to oxidize organics, re-dried, and the volume of remaining 

inorganic material calculated via volumetric displacement and subtracted from the initial wet 

sediment volume. Molar staurosporine concentrations were calculated by converting mg/mL 

staurosporine concentration calculated from the HPLC-UV data to μM using the biologically 

relevant sediment volumes. 

2.3.4 C. elegans feeding deterrence  

Staurosporine was dissolved in 50 μL DMSO to generate concentrations of 210 μM, 160 

μM, and 110 μM (corresponding to 0.1 mg/mL, 0.075 mg/mL, and 0.05 mg/mL respectively) in 

sterile 10 mL glass culture tubes. These concentrations were picked because they bracketed the 

MIC at which staurosporine deterred C. elegans feeding. E. coli strain OP-50 (Troemel Lab, UCSD) 

was grown in 50 mL of LB broth Miller (Fisher Scientific) for three days, autoclaved, and 950 µL 

added to the staurosporine dilutions and DMSO controls. 25 μL of the treated and control E. coli 

were then placed 1 cm apart in a 60 cm diameter petri dish containing 4 mL of nematode growth 

medium (Research Products International Corp., Mount Prospect, IL). Sterile C. elegans embryos 
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were generated as previously described (Girard et al., 2007) and ca. 75 placed equidistant from 

treatment and control foods, with an average of 6 plates per trial. The number of living C. 

elegans per food source was counted under a dissecting scope 24 h after embryo addition, 

converted to percentage C. elegans per food source, and differences between treatments and 

controls tested using a non-parametric t-test (Wilcoxon rank-sum test) in R version 3.4.1 

(Wilcoxon, 1945).  

2.3.5 Brine shrimp assay 

 The brine shrimp assay was performed as previously described (Solis et al., 1993). 

Briefly, Artemia eggs (Fisher Scientific) were hatched in brine (1 L DI water, 40 g instant ocean) 

for 48 hours at room temperature with excess air flow. Approximately 25 Artemia were then 

transferred into each well of a 24 well plate containing 1.95 mL of brine, after which serially 

diluted staurosporine dissolved in 50 µL DMSO was added to the wells (0.16 µM-16 µM final 

concentrations) in triplicate along with DMSO controls. After 24 hours, the number of dead and 

living brine shrimp were counted in each well under a dissecting microscope. 

2.3.6 Bacterial community analysis  

Environmental DNA (eDNA) was extracted from 24 sediment samples (5 replicates per 

site for sites 1-4 and 4 replicates for site 5). Approximately 1 g of sediment per sample was added 

into FastPrep tubes and subjected to a physical (bead beating) and chemical (phenol-

chloroform) DNA extraction protocol (Patin et al., 2013). All extractions were done in duplicate 

and combined during the purification process. The v4 region of the 16S rRNA gene was PCR 

amplified in triplicate for each sample from 1 μL of 5 ng/μL DNA template using the Phusion Hot 

Start Flex 2x Master Mix, an annealing temperature of 60°C, and the primers 515F 

(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGYCAGCMGCCGCGGTAA) and 806Rb 
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(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACNVGGGTWTCTAAT) (Caporaso et al., 

2012). Replicate reactions were pooled and the products cleaned using ExoSap-IT. Illumina 

barcodes were added using the following program: 98°C for 1 min followed by five cycles of 98°C 

for 10 sec, 65°C for 20 sec, and 72°C for 30 sec with a final extension at 72°C for 2 min.  Libraries 

were constructed following Illumina protocols and PCR products cleaned with ExoSap-IT and 

pooled in equimolar concentrations, cleaned using ampure beads, and sequenced on a Miseq 

v2 PE250 instrument at the Institute for Genomic Medicine (IGM), University of California, San 

Diego. 

 Sequences were trimmed using the paired-end command in Trimmomatic (Bolger et al., 

2014) with a quality control sliding window of 4 bases, a minimum quality of 25, and a minimum 

length of 50 bases. All samples were standardized to a rarefication depth of 95k reads, resulting 

in three replicates (one from site 3, one from site 4 and one from site 5) being removed due to 

inadequate sequencing depth. Remaining reads were then clustered into operational taxonomic 

units (OTUs) based on 99% similarity and taxonomy assigned using the Silva rRNA Database 

(Quast et al., 2013) in Qiime version 1.9.1 (Caporaso et al., 2010). To assess Salinispora relative 

abundance, replicates were analyzed with chloroplast sequences excluded (Hanshew et al., 

2013).  

2.3.7 Bacterial cultivation, identification, and metabolomics 

Actinomycete cultivation was performed following standard protocols (Mincer et al., 

2002). Briefly, 1 g frozen sediment from each of the five sites was air dried for 48 h and blotted 

onto petri dishes containing medium A1 (10 g starch, 4 g yeast extract, 2 g peptone, 16 g agar, 

750 mL 0.2 μm filtered seawater, 250 mL deionized water). The petri dishes were incubated at 

room temperature for two weeks after which Salinispora-like colonies were purified by dilution 
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streaking. Colony PCR was performed by suspending a single colony in 10 μL DMSO and using 1 

μL as the PCR template. Each PCR consisted of 10x PCR Buffer (Applied Biosciences, Foster City, 

CA, USA), 2.5 mM MgCl2 (Applied Biosciences), 0.7% DMSO dimethyl, 10 mM dNTPs, 1.5 U 

AmpliTaq Gold DNA Polymerase (Applied Biosciences) and 10 μmol of each 16S rRNA primer 

(FC27 (5’-AGAGTTTGATCCTGGCTCAG-3’) forward and RC1492 (5’TACGGCTACCTTGTTACGACTT-

3’) reverse). PCR conditions were as follows: 5 min of initial denaturation at 95°C followed by 30 

cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 1 

min. The resulting amplicons were sequenced in the forward and reverse directions (Eton 

Biosciences, San Diego), assembled, and trimmed in Geneious (Geneious v10.2.3) (Kearse et al., 

2012) yielding ca. 1300 bp products. Strains were identified based on NCBI BLAST analysis 

(Johnson et al., 2008). 

Metabolite analyses were performed on single actinomycete colonies removed from A1 

agar plates and extracted with 5 mL of MeOH in 15 mL falcon tubes. Extracts were dried by 

rotary evaporation, weighed, re-dissolved at a concentration of 5 mg/mL in MeOH, and 

subjected to HPLC analysis on the Agilent 1100 series instrument using previously described 

parameters. 

2.3.8 Metagenomics 

 Mechanically-sheared metagenomic DNA from site 2 (average size ca. 500 bps) was used 

to prepare an Illumina sequencing library using the Apollo 324TM NGS Library Prep System and 

the PrepX DNA library kit (Wafergen, CA). This library was then sequenced on an Illumina HiSeq 

2500 Rapid Flow cell to yield 36,894,038 paired-end reads (2X175 bps). PRINSEQ was used to 

filter and trim the resulting raw Illumina reads, discarding reads that have an average quality 

score less than 30 or a length less than 87 (Schmieder and Edwards, 2011). SPAdes (default 
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parameters) was used to assemble reads that passed quality filtering (Bankevich et al., 2012). 

Metagenomic BGCs were detected in the resulting scaffolds (>5000 bps) using antiSMASH and 

further analyzed manually (Weber et al., 2015).  

2.3.9 Phylogenetic analyses 

Eight putative housekeeping genes found to be flanking BGCs of interest were blasted 

against the NCBI database. FASTA sequences for the top 100 hits were downloaded and each 

set aligned with the corresponding query sequence using the MUSCLE 3.8.31 (Edgar et al., 2004) 

alignment option in Mesquite 3.04 (Maddison and Maddison, 2008).  RaxmlGUI v1.5  was used 

with default parameters and no set out-group to construct phylogenetic trees with 50 bootstrap 

replicates (Silvestro and Michalak, 2012) 

2.4 Results: 

2.4.1 Sediment metabolomics 

 The adsorbent resin HP20 was used to extract organic compounds from marine 

sediments at five sites around the Smithsonian field station at Carrie Bow Cay, Belize. For sites 

2-5 the extracts were fractionated then subjected to mass spectrometry and analyzed using the 

GNPS pipeline (Wang et al., 2016). Site 1 crude was not fractionated however it was analyzed 

similarly. In total, 5,803 MS/MS spectra were collected of which 5,242 passed the filtering 

requirements. Identical fragmentation spectra were clustered resulting in the generation of 512 

unique parent ions (nodes) after the removal of resin controls and solvent only blanks. These 

nodes represent parent ions with masses (m/z values) that ranged from 227-1424 Daltons, with 

most falling between 350–900 Daltons. The number of parent ions detected at each site ranged 

from 106 (site 5: seagrass bed) to 335 (site 3: mangrove channel) with an average of 204 per 

site. The data were visualized as a euler diagram, which revealed extraordinary levels of small 
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molecule diversity, with only nine parent ions shared among all sites and nearly half (47%) 

observed at only one site (Fig. 2.2). The decision to combine the replicates prevented a more 

thorough analysis of inter-site variation, however the considerable number of parent ions 

detected indicates that the resin technique developed for this study was effective for the 

extraction of a diverse set of metabolites from marine sediments. 

 

 

 

 

2.4.2 Compound identification 

 A molecular network generated from the MS/MS data revealed numerous molecular 

families with no matches to the >220,000 metabolites present in the GNPS database (Fig. 2.3). 

Nine parent ions showed confident database matches including some that were detected at 

multiple sites (Table 2.1). A subsequent analysis performed using the GNPS standalone 

dereplication pipeline helped confirm these matches and led to the additional identification of 

cocamidopropyl betaine. The greater sensitivity of the stand-alone tool is likely due to the 

Figure 2.2 Euler diagram comparing sediment metabolome composition at five sites.  Total 
number of nodes (parent ions) per site is listed in parentheses after the site ID. 
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clustering algorithm used to generate the molecular network, which can reduce match scores. 

The nine compounds identified represent an array of diverse structures (Fig. 2.4) and origins 

including compounds previously reported from sponges, algae, and bacteria as well as of 

synthetic origin (Table 2.1). Strict criteria established by the Chemical Analysis Working Group 

(CAWG) (Sumner et al., 2007) were applied to increase confidence in the matches. Standards 

were used to assign a “level 1” classification to four compounds based on retention time, mass, 

and fragmentation spectra according to CAWG recommendations (Fig. 2.5). The remaining five 

compounds were “putatively annotated” (level 2) according to CAWG guidelines based on 

spectral matching to library standards (Fig. 2.6). These results demonstrate that specialized 

metabolites can be identified directly in marine sediments thus providing evidence for in situ 

production and new opportunities to explore their ecological functions. 
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Figure 2.3 Sediment metabolomes visualized as a molecular network. Parent ions from five 
sites are colored based on distributions: green nodes only found at one site (site number 
indicated), red nodes found at multiple sites (total number indicated). Parent ions matching 
known compounds are indicated and the m/z values provided for each node. 
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Figure 2.4 Compounds identified in the sediment metabolomes.  
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 The detection of the sponge metabolite smenospongidine was unexpected since the 

sediments did not contain any obvious sponge biomass. This compound was originally reported 

from Smenospongia sp. (Kondracki and Guyot, 1989) and subsequently from Hippospongia (Oda 

et al., 2007) and Dysidea spp. (Iguchi et al., 1990). While these latter genera occur in the 

Caribbean (Djura et al., 1980; Pawlik et al., 1995; Wulff, 2012), there is no record of Caribbean 

sponges producing smenospongidine. Sesquiterpene quinones such as smenospongidine are 

also a well known class of bacterial metabolites (Gallagher et al., 2010), suggesting that the 

compound detected in marine sediments may be of microbial origin. Alternatively, it may be 

Table 2.1 Compound Identification.  M/z error describes how different the parent ion and 
library ion difference are in ppm (which contains both low resolution and high-resolution data). 
The similarity score is a metric from 0-1 generated by GNPS with >0.65 considered a positive 
match. The number of shared peaks indicates the number of MS/MS fragments that matched 
between the library and the parent ion fragmentation spectra. Known producers of the 
compound are listed with associated references.   
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excreted from sponges in proximity to the resin. Smenospongidine represents one of the few 

compounds detected at all five sites (Fig. 2.3) and belongs to a class of redox-active compounds 

whose members have been proposed to function as extracellular electron shuttles during 

periodic hypoxia events (Gallagher et al., 2017). Interestingly, the network analysis places 

smenospongidine in a small molecular family suggesting that structurally related compounds 

await identification (Fig. 2.3). Smenospongidine exhibits weak antimicrobial and cytotoxic 

activity (Rodríguez et al., 1992). Its ubiquity in marine sediments suggests it plays important, 

albeit yet to be defined roles in sediment microbial ecology.  

Bacterial metabolites belonging to the nactin family of macrotetrolide antibiotics were 

also identified (monactin, dinactin, trinactin, tetranactin). These closely related macrocyclic 

polyketides are produced by Streptomyces species and exhibit antimicrobial, miticidal (Phillies 

et al., 1975), and cytotoxic activities (Graven et al., 1966). Similarities in their fragmentation 

spectra are visualized as a large molecular family in a network analysis (Fig. 2.1). Comparison 

with an authentic standard provides strong support for the identification of these compounds 

(Fig. 2.5). Staurosporine was also identified using the GNPS dereplication protocols and 

confirmed by comparison with an authentic standard (Fig. S4). It was detected at three sites and 

appeared in the network as a single node (Fig. 1). Staurosporine is a protein kinase inhibitor 

originally isolated from Streptomyces staurosporeus (Omura et al., 1977) with activity against 

fungi, bacteria, and mammalian cell lines (Table 2.2). It has subsequently been reported from 

marine ascidians and mollusks (Cantrell et al., 1999; Schupp et al., 1999) as well as other 

actinomycetes (Williams et al., 1999) including the marine actinomycete Salinispora arenicola 

(Jensen et al., 2007). The staurosporine isolated from marine invertebrates is proposed to be of 

microbial origin (Steinert et al., 2015), however this has yet to be experimentally verified. The 

final natural product that could be confidently identified was pheophytin, which was detected 
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at site 2. This flavonoid glycoside acts as an electron carrier in photosystem II (Klimov, 2003) and 

is also a breakdown product of chlorophyll (Lorenzen, 1967). It is found in cyanobacteria and 

eukaryotic phototrophs (Shoubaky et al., 2016) and may be indicative of decaying seaweeds or 

microalgae.  

 

 

 

In addition to the detection of natural products, two of the parent ions matched 

synthetic compounds and thus are likely of anthropogenic origin. Cocamidopropyl betaine is an 

additive to skin care products including sun protectants (Jacob and Sadegh, 2008) and has been 

found in numerous habitats associated with human activity (Petras et al., 2016). It was identified 

using the stand-alone GNPS dereplication tool and confirmed by comparison with an authentic 

standard (Fig. 2.5). The detection of this compound at three sites is alarming given that low 

levels of sun screen promote coral bleaching (Danovaro et al., 2008). Another potential 

contaminant is erucamide, a fatty acid derivative used as a slip agent in the manufacturing of 

plastics (Bhunia et al., 2013), waxes (Molnar, 1974), and other consumer goods. Erucamide 

Table 2.2 Staurosporine biological activity. A list of the IC50 values previously determined for 

staurosporine. All values come from previously published studies except the C. elegans 

predation deterrence assay and the brine shrimp lethality assay. 
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appeared in a large molecular family (Fig. 2.3) and was confirmed by comparison with an 

authentic standard (Fig. 2.5). It was detected at all five sites but not observed in methodological 

controls, suggesting it was present in the environment. Since erucamide is a derivative of the 

natural product erucic acid (Molnar, 1974), it cannot be ruled out whether or not the compound 

detected is of natural origin. 

 

 

 

 

Figure 2.5 Retention time, mass, and mirror plot fragmentation spectral matching for the 
standards of monactin, staurosporine, cocamidopropyl betaine, and erucamide (green) and 
the parent ion detected (black). 



 
 

45 
 

 

 

 

 

 

 

 

Figure 2.6 Mirror plot showing the fragmentation spectrum for dynactin, trinactin, 
tetranactin, pheophytin, and smenospongidine from the GNPS library (green) against the 
matching parent ion from a sediment sample (black). 
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2.4.3 Linking compounds to community composition 

In an attempt to link compounds identified in the sediment metabolomes to candidate 

producers, bacterial diversity was assessed by analyzing 16S rRNA gene amplicon libraries at a 

rarefied depth of 95,000 reads for three to five replicates from each of the five sites. The number 

of observed OTUs (99% sequence identity) among sites was high, ranging from 16,063 ± 344 

(site 1) to 17,917 ± 222 (site 4). Given that Streptomyces spp. are well known for the production 

of specialized metabolites including staurosporine and nactins, we searched the sediment 

libraries for evidence of this genus. While no streptomycete OTUs were detected, the marine 

actinomycete genus Salinispora, which includes the known staurosporine producer S. arenicola  

(Jensen et al., 2007), was detected at all five sites (Fig. 2.7A). The relative abundance of this 

genus was low, ranging from 0.001 ± 0.001% (site 5) to 0.010 ± 0.004% (site 2) of the community. 

Assuming bacterial concentrations in marine sediments of 108-109/mL (Schmidt et al., 1998), the 

culture independent abundances detected here correspond with previous reports of Salinispora 

colony forming units occurring at concentrations of 103/mL sediment (Mincer et al., 2005, 2002). 

Although the among site differences in Salinispora abundance were not significant (ANOVA, 

F4,16=1.285; p = 0.317), sites 2 and 4 had the highest average Salinispora relative abundance.  

Due to the region of the 16S rRNA gene sequenced, it was not possible to distinguish among the 

three named Salinispora species. We therefore used culture-dependent methods to test for the 

presence of S. arenicola and successfully isolated strains belonging to this species from sites 2 

and 4 (Table 2.3). Metabolomic analyses revealed that these strains produced staurosporine 

(Fig. 2.8), thus confirming the presence of bacteria capable of producing a compound detected 

in the sediment metabolome. 
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 Figure 2.8 Staurosporine production by S. arenicola strains. LC traces (360 nm) of culture 
extracts show peaks at 5 min with UV absorbance spectra that closely match that of a 
staurosporine standard.  

Figure 2.7 Correlation between Salinispora and staurosporine abundance in marine 
sediments. A) Salinispora relative abundance (%) and staurosporine abundance (µM) at five 
sites. B) Linear regression correlating Salinispora abundance with staurosporine 
concentration. Error bars are standard deviation  
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2.4.4 Staurosporine quantification 

Given that the resin method developed for the metabolomic analyses is not 

quantitative, the relationships between Salinispora relative abundance and staurosporine 

concentrations was determined using volumetric extraction protocols. Surprisingly, 

staurosporine was identified by HPLC-UV in extracts generated from all five sites (Fig. 2.9), thus 

allowing concentrations to be calculated based on comparisons to a standard curve (Fig. A2.1). 

Given that the inorganic component of the sediment is unlikely to contain this compound, the 

volumetric sediment concentrations were divided by the percent organic material in the sample 

(32-41%) to establish biologically relevant staurosporine concentrations, which ranged from 5-

17 µM and established the highest concentrations at sites 2 and 4 (Table 2.4). Salinispora relative 

abundance correlated with staurosporine concentration at the five sites (R2 = 0.56)  (Fig. 2.7B), 

supporting the hypothesis that S. arenicola contributes to the staurosporine pool detected in 

marine sediments. 

 

Table 2.3. BLAST analysis of actinomycete strains. Both isolates had a 100% match for S. arenicola 
strain CNH643. 
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Figure 2.9 Staurosporine detection A) UV trace (360 nm) for sediment extracts from all five 
sites. Inset: absorbance spectrum corresponding to the major peak is shown with a high 
match score to a staurosporine library standard. B) Extracted ion chromatogram from the 
site 4 sediment extract for mass range 466.80-467.80 with the major peak matching 
staurosporine (exact mass 466.531).  

Table 2.4 Average staurosporine concentration per site, the percent of the sediment that 

was inorganic material, and the biologically relevant concentration of staurosporine, i.e. the 

concentration of staurosporine if the inorganic fraction of the sediment is removed from the 

staurosporine quantification.   
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2.4.5 Metagenomic analyses 

Metagenomics represents an increasingly feasible approach to link natural products to 

their producers (Crits-Christoph et al., 2018). This is facilitated by the growing number of 

experimentally characterized biosynthetic gene clusters (BGCs) and databases such as the MiBIG 

repository where they are deposited (Medema et al., 2015). In an effort to link compounds 

detected in the metabolomics data to Salinispora spp., a 37M read metagenomic library 

generated from site 2 was mapped to the complete genome sequences of S. tropica CNB440 

and S. aeronicola CNS205. At a BLAST e-value threshold of 1x10 e-50 and a DNA sequence identity 

of >96%, 14 reads mapped to S. aeronicola, 22 mapped to S. tropica, and four mapped to both. 

Half of the S. aeronicola reads and third of the S. tropica reads are >99% identical to the 

genomes, providing strong support for the species linkage. These results suggest an overall 

Salinispora abundance of 0.5-1 part per million of the DNA in the sediment microbiome, which 

is in general agreement with the culture independent results (0.01-0.001%). Given the low 

relative abundance of Salinispora sequences, it is not surprising that Salinispora-derived sta 

genes could not be detected, despite our ability to culture staurosporine-producing Salinispora 

strains from the sediment samples. Given these results, it can be estimated that ca. 1000X more 

reads would be needed to confidently obtain 1X coverage of a Salinispora genome, thus 

demonstrating the challenges associated with detecting biosynthetic gene clusters from rare 

members of the microbial community using metagenomics approaches.  

 We next queried the metagenome for other potential sources of staurosporine using 

the staD gene, which is integral to staurosporine production (Freel et al., 2011). A tBLASTn 

analysis against the 1,147,515 >300 bp contig metagenomic assembly identified 14 contig hits 

(e-value cutoff of 1x10 e-10) that ranged in length from 277-7834 nucleotides and coverage from 

0.9-6.3X. The closest NCBI matches originated in cyanobacteria, a phylum known to produce 
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closely related indolocarbazoles (Sánchez et al., 2006). Moreover, the longest contig contained 

a FAD-dependent amino acid oxidase (L-tryptophan oxidase) known to be involved in 

indolocarbazole biosynthesis, supporting our partial recovery of a canonical indolocarbazole 

BGC from the metagenome. Cyanobacteria were in considerably greater relative abundance 

(6%) than Salinispora at site 2, suggesting they could represent a major source of the 

staurosporines detected. These results provide evidence that cyanobacteria represent another 

potential source of indolocarbazoles including staurosporine in marine sediments, although the 

community analysis did not reveal any known indolocarbazole producers. Similarly, BGCs 

associated with macrotetrolide (nactin) biosynthesis were not identified in the metagenomic 

analysis despite the detection of these compounds, suggesting the producers were below the 

detection limit or similar compounds are produced by different biosynthetic routes.  

 In total, 83 different BGCs were assembled from the site 2 metagenome (Fig. A2.2). 

These encompass a wide range of biosynthetic paradigms including 23 RiPPs (predicted to 

encode bacteriocins, lantipeptides, cyanobactins, and lassopeptides), 26 PKSs, 10 NRPSs, 1 PKS-

NRPS hybrid, 14 terpenes, and 9 classified a “other” based on antiSMASH analyses. While 75% 

of these appear to originate from cyanobacteria based on BLAST analyses, BGCs were also 

potentially linked to diverse taxonomic groups including Proteobacteria (15%), Bacteroidetes 

(5%), Aquificae (1%), Firmicutes (1%), and Planctomycetes (2%). To further explore the identity 

of the host strains, we identified housekeeping genes flanking eight of the assembled BGCs. All 

eight housekeeping genes were most closely related to cyanobacteria, with percent identities 

from 67-85% (Table S3). Phylogenetic trees were then generated containing the 100 top related 

genes based on an NCBI BLAST analysis. Some sequences claded with the genus Moorea (Fig. 

A2.3), which is a prolific source of natural products (Leao et al., 2017). Other sequences claded 

with less well studied genera such as Myosarcina and Pleurocapsa. Interestingly, five of the 
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housekeeping genes did not cluster with any known cyanobacteria, suggesting they may belong 

to previously undescribed cyanobacterial lineages.  

 

2.4.6 The ecological roles of staurosporine 

Staurosporine is a low nanomolar kinase inhibitor that is highly toxic to mammalian cell 

lines, bacteria, and fungi (Table 2.2). To assess the potential effects of staurosporine in marine 

sediments, we compared the biologically relevant sediment concentrations observed in this 

study (Table 2.4) to previously published toxicity values (Table 2.2). The staurosporine 

concentrations at all five sites were above the IC50 values for HeLa cell (4 nM), protein kinase (2-

20 nM), and mycobacterium protein kinase inhibition (600 nM). Sites 2 and 4 contained 

staurosporine levels above those shown to inhibit fungal growth (9.6 µM). Staurosporine 

concentrations also exceeded brine shrimp IC50 values (812 nM) suggesting it may deter 

eukaryotic predators (Fig 2.10A), although these concentrations did not deter feeding by C. 

elegans assay (Fig. 2.10B). These results suggest that staurosporine can occur in nature at 

inhibitory concentrations, thus providing evidence that microbial specialized metabolites can 

have allelopathic effects in nature.  
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2.5 Discussion 

Thousands of specialized metabolites have been isolated from cultured bacteria (Bérdy, 

2005), yet little is known about their production and ecological functions in nature. While many 

of these compounds possess antibiotic and other biomedically relevant activities, it has long 

been questioned if they reach toxic concentrations in nature, leading to the suggestion they are 

more likely to function as signaling molecules than allelochemicals (Davies, 2006). Although 

some compounds clearly function as signals (Fajardo and Martínez, 2008), there is compelling 

but limited evidence that antibiotics can function as such in nature, as evidenced by the 

suppression of plant pathogens in soils (Raaijmakers et al., 2002). Nonetheless, challenges 

Figure 2.10 C. elegans and brine shrimp assays. A) Effects of staurosporine concentration on 

brine shrimp survival. Error bars are +/- one standard deviation of the mean. The exponential 

regression line and equation are shown as well as the calculated IC50 value. B) Effects of 

staurosporine concentration on C. elegans feeding preference. C. elegans were given a 

choice between control (solvent only) and treatment (solvent + staurosporine) food sources 

at three different concentrations. Results presented as % C. elegans feeding on treatment 

(black) vs. control (grey). The asterisk indicates a significant difference (t-test, p-value <0.05).  
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associated with the detection of antibiotics in nature have hindered the ecological 

interpretation of their function. These challenges can now be addressed with the aid of 

environmental metabolomics (Viant, 2008). When applied to the human microbiome, this 

approach has led to the recognition that human-associated microbes produce antibiotics and 

other biologically active compounds (Donia and Fischbach, 2015) that play important roles in 

human health (Mazmanian et al., 2008; Wang et al., 2012; Zschüttig et al., 2012). Verifying 

production of these compounds however has only recently been addressed (Bouslimani et al., 

2015). These approaches have yet to be applied to ocean sediments, where specialized 

metabolites could play a major role in structuring microbial communities. 

Here we demonstrate that metabolomics can be used to detect a vast array of yet to be 

identified metabolites in marine sediments without the need for cultivation. The ability to detect 

compounds directly in nature draws parallels with the first culture-independent assessments of 

bacterial communities, which revealed extensive diversity that had yet to be cultured or 

described (Hugenholtz et al., 1998). This approach has enormous potential to reveal community 

level chemical interactions and establish correlations between compounds and community 

composition. While many of the unidentified compounds could simply be missing from the 

dereplication database, this limitation will improve as more standards are deposited into the 

GNPS library. Notably, the bacterial metabolite staurosporine was confidently identified both in 

the sediments and from S. arenicola strains cultured from the same sites, providing a link 

between compound and source organism. The low relative abundance at which the genus 

Salinispora was detected supports the concept that members of the “rare biosphere” (Sogin et 

al., 2006) play important roles in structuring microbial communities (Ramirez et al., 2018), in 

this case via the production of biologically active specialized metabolites. The surprisingly high 

concentrations of staurosporine detected compared to the low relative abundance of 
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Salinispora spp. could indicate that this compound accumulates over time. The detection of 

cytotoxic concentrations of staurosporine at all five sites provides compelling evidence that it 

can function as an allelochemical in nature. While other biogenic sources remain a strong a 

possibility, combining sediment metabolomics with community analyses provides new 

opportunities to link microbial diversity with poorly characterized functional traits. 

The other compounds identified provide interesting avenues for future research. The 

detection of smenospongidine, a sesquiterpene quinone originally reported from a marine 

sponge (55), suggests that sediment metabolomics may help identify compounds of microbial 

origin that have previously been ascribed to marine invertebrates (Wilson et al., 2014). The 

nactin family of macrotetrolide antibiotics were a prominent feature of site 2, yet the associated 

biosynthetic gene cluster (Walczak et al., 2000) was not detected in the metagenome suggesting 

they may originate from a source other than Streptomyces species. The detection of two 

synthetic compounds was not anticipated and indicates that the sediment metabolomics 

technique described here can be used to assess anthropogenic influence even in relatively 

pristine sites. 

Environmental metabolomics provides a unique window with which to assess 

specialized metabolite diversity in nature. When coupled with community analyses, links 

between compounds and their producers can be established and subsequently tested. The 

extensive chemical diversity detected in marine sediments suggests that this approach could be 

used to establish baseline metabolomic fingerprints, link them to microbiome composition, and 

monitor baseline shifts following perturbation. It may also be possible to scale up the resin 

extraction protocol for discovery purposes, providing a retro-biosynthetic approach in which 

new compounds are first discovered and the structural information used to subsequently 

identify the producing organism from metagenomic assemblies. The detection of physiologically 
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relevant concentrations of biologically active specialized metabolites in marine sediments 

suggests that these compounds can have a major impact on community structure even if they 

are produced by rare members of the community. 
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Figure A2.1 Staurosporine standard curve including linear regression equation and R2  value. 
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Table A2.1. BLAST analysis of house keeping genes flanking eight biosynthetic gene clusters 

(BGCs) assembled from the metagenome. Shown is the name of the house keeping gene, 

the four top related BLAST hits, and the percent identity. 
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Figure A2.2 Example biosynthetic gene clusters assembled from the site 2 metagenome. 

BGCs were identified from the SPAdes-assembled metagenome using antiSMASH 

(scaffolds > 5000 bps), and further annotated manually through BLASTp searches for each 

gene against NCBI. For BGC-03 and BGC-06,homologs identified in sequenced 

cyanobacterial genomes are shown. 
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Figure A2.3 Representative phylogenetic tree for cyanobacterial house keeping genes found 
flanking cyanobacterial BGCs. This phylogenetic tree is for the house keeping gene “UTP--
glucose-1-phosphate uridylyltransferase” containing the 100 closest BLAST matches. The 
sequence isolated from the metagenome is highlighted in blue 
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Chapter 3 

Salinispora Secondary Metabolite Mediated Feeding Deterrence 
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3.1 Abstract 

Numerous natural products have been isolated from marine bacteria; a large majority 

from the order Actinomycetales. However, very little effort has focused on determining the 

ecological roles these metabolites provide for their producers. Salinispora, an obligate marine 

actinomycete genus, has been studied extensively due to its production of specialized 

metabolites, making this a model genus for chemical ecology experiments. Interestingly, each 

of the three described Salinispora spp. produce unique cytotoxic compounds. The aims of this 

study were to determine if S. tropica and S. arenicola secondary metabolites have a deterrent 

effect on invertebrate predators as well as to determine if Salinispora species exhibit different 

anti-predatory strategies. Choice-based feeding experiments were designed using the model 

bacterivorous nematode Caenorhabditis elegans. Results of these choice-based feeding assays 

indicated that live Salinispora cultures were avoided by C. elegans. Salinispora chemical extracts 

were then tested in preference assays with C. elegans indicating that S. tropica extracts exhibit 

deterrent properties, whereas S. arenicola crude extracts have chemoattractant properties. 

These results demonstrate that strategies of predator deterrence differ between Salinispora 

spp. Bioactivity guided isolation revealed that a suite of lomaiviticins, compounds produced by 

S. tropica but not S. arenicola, were responsible for the observed deterrence. Further preference 

assays were performed using both a marine polychaete and marine nematodes. Results of these 

assays supported those observed using C. elegans, with S. tropica exhibiting chemodeterrence 

against both potential predators. 

 

 

 



 
 

71 
 

3.2 Introduction 

In chapter 2, I detected cytotoxins in sediments off the Belize coast; specifically, the 

compound staurosporine. This protein kinase inhibitor was further quantified and found to be 

present at inhibitory concentrations. A tentative link was made between staurosporine and the 

marine actinomycete Salinispora arenicola, which is known to produce this compound. 

Specialized metabolites from sediment bacteria have been shown to inhibit predators; however, 

it is not known why Salinispora spp. produce these compounds and what sort of ecological roles 

they may serve.  The aim of this chapter was to determine if Salinispora spp. produce 

compounds that deter bacterivorous eukaryotes.  

Marine microbes are fundamental to ecosystem processes as they play an integral part 

in myriad processes including nutrient cycling, primary production, and pollution remediation 

(Arrigo, 2005; Azam et al., 1983; Cohen, 2002). One of the reasons these organisms can aid in 

such large scale processes is because of their relative abundance in the ocean environment, 

where microbial loads are estimated at 1011 cells per gram of sediment (Alongi, 1988). Numerous 

organisms have evolved to prey on these bacteria including viruses, protozoans, nematodes, 

and polychaetas (Pernthaler 2005; Moens et al. 1999; Tsuchiya & Kurihara 1979; Bouvier & del 

Giorgio 2007). In top-down control, bacteria are under tremendous predation pressure and as 

such have evolved several strategies to avoid predation (Gasol et al., 2002; Jousset, 2012). These 

strategies can include morphological adaptations, such as increasing cell size to avoid ingestion 

(Corno and Jürgens, 2006), or the formation of colonies and biofilms that are relatively 

impervious to protozoans and small eukaryotic predators (Queck et al., 2006; Weitere et al., 

2005). For instance, co-culturing a freshwater bacterial species of Flectobacillus with predatory 

protists resulted in the generation of a predation resistant bacterial morphotype (Corno and 

Jürgens, 2006). 
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Another strategy that microbes have developed to avoid predation is chemically 

mediated defense (Wietz et al., 2013). There have been several studies linking compounds from 

terrestrial microbes to predator defense (Jousset et al., 2006; Klobutcher et al., 2006; Lainhart 

et al., 2009; Mazzola et al., 2009).  However there have been fewer examples of predator 

chemodeterrence identified from marine microorganisms, and most have been from mat 

forming cyanobacteria (Cruz-Rivera and Paul, 2007; Nagle et al., 1996; Nagle and Paul, 1998; 

Pennings et al., 1996), which form large colonies and are thus more analogous to macroalgae 

than bacteria. Ypaoamide for instance, produced by the cyanobacterium Lyngbya majuscule 

(Moorea producens) is capable of deterring feeding from both parrotfish and sea urchins at 

naturally occurring concentrations (Nagle and Paul, 1998). The cyanobacterial secondary 

metabolites malingamide and majusculamide also exhibit sea urchin and pufferfish feeding 

deterrence (Pennings 1996). There are several examples of compounds from microbes in the 

water column that exhibit similar anti-feeding properties. Pseudomonas luteoviolacea produces 

violacein, a purple alkaloid that inhibits protozoan feeding at sub-millimolar concentrations. 

Even ingestion of 1-2 pseudomonad cells has been shown to cause nanoflagellate death (Matz 

et al., 2008). 

 Overall, anti-predatory allelopathic interactions have not been very well characterized 

from sediment inhabiting marine bacteria, but are likely prevalent due to the wealth of cytotoxic 

compounds that have been isolated them (Blunt et al., 2015; Fenical and Jensen, 2006). 

Numerous bacteria have been cultured from these environments, including several 

actinomycete species that produce many secondary metabolite compounds (Fiedler et al., 2005; 

Jensen et al., 2015). However, to my knowledge, there has not been a single study that links any 

of these compounds to predation defense.  

The marine obligate actinomycete genus Salinispora has been studied extensively due 
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to its prolific natural product production (Jensen et al., 2015). To date, three Salinispora species 

have been formally described, S. arenicola, S. tropica, and S. pacifica (Maldonado et al. 2005, 

Ahmed et al. 2013). A recent analysis of 119 Salinispora genome sequences identified over 170 

secondary metabolite biosynthetic gene clusters (BGCs) and led to estimates that the genus 

contains upwards of 250 BGCs (Letzel et al., 2017). Interestingly, several BGCs are unique to 

specific Salinispora species, indicating that Salinispora secondary metabolites may be linked to 

ecological differentiation (Jensen et al., 2007). For instance, the BGCs encoding the cytotoxic 

compounds lomaiviticin and salinisporamide A appear to be fixed in S. tropica whereas the BGC 

encoding the compound lymphostin is found ubiquitously in all three species. The cytokinase 

inhibitor staurosporine however, is found in all S. arenicola strains and is absent from S. tropica 

(Ziemert et al., 2014). Recently it was shown that S. arenicola and S. tropica exhibit differential 

competitive strategies when dealing with microbial competitors in the benthic environment and 

this was linked to disparity in secreted metabolites between species (Patin et al., 2015). S. 

arenicola employed antimicrobial secondary metabolites to inhibit neighboring microbes 

whereas S. tropica used faster growth to outcompete potential competitors (Patin et al., 2015). 

This provided evidence that these species are different ecotypes, allowing them to co-occur in 

similar habitats.   

C. elegans is a bacterivorous nematode that has been widely adopted as a model 

organism for numerous fields of study including developmental, cell, and evolutionary biology 

(Girard et al., 2007; Riddle et al., 1997). Since its isolation in 1963, C. elegans has been studied 

extensively leading to a wealth of information pertaining to its genetic makeup and neuronal 

network (Bargmann, 2006; Brenner, 1974). C. elegans has been shown to be highly chemotactic 

with 32 of  302 neurons dedicated to chemosensation (Bargmann, 2006). This system has been 

exploited in studies looking at C. elegans’ response to toxins and pathogens (Schulenburg and 

file:///D:/Google%20Drive/Jensen%20lab%20work/Writing/l%20%22_ENREF_22%22%20/o%20%22Maldonado,%202005%2337%2522
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Ewbank, 2007). C. elegans exhibits food preference, indicating that organisms will migrate 

between bacterial colonies to find an optimal food source (Shtonda and Avery, 2006). With their 

relatively short growth cycle, ease of culturing, and highly developed chemotactic ability 

(Stiernagle, 2006), C. elegans is an ideal organism to use in feeding deterrence assays. Although 

C. elegans does not occur in the marine environment, they can facilitate assay development 

because of how easy they are to culture, which makes them ideal for the use in bioassay-guided 

fractionation schemes to identify deterrent compounds.  

Polychaetes represent another group of bacterivorous organisms common in marine 

sediments. Polychaeta is a paraphyletic class of annelid worms that include mostly marine 

species with varied lifestyles and morphologies (Struck et al., 2011). Numerous species occur in 

marine sediments, where it has been shown that bacteria are an essential part of their diets 

(Andresen and Kristensen 2002). This makes polychaetes ideal predators to use in developing 

an assay addressing the chemical defense of Salinispora against predation. An unnamed species 

of Ophryotrocha (Dorvilleidae, Eunicida), which grazes on detritus and bacteria (Brown and Ellis 

1971, Fauchald et al. 1979, Thornhill et al. 2009), was picked by Greg Rouse (Scripps institution 

of Oceanography) for use in developing chemical deterrence assays .  

To assess the ecological roles of specialized metabolites, it is important to pick test 

organisms that are not only marine but also cooccur with the producing organisms. Tropical 

sediments are teaming with marine nematodes, many of which feed on bacteria, making them 

a perfect candidate for anti-predation based assays as well (Heip et al., 1985). 

One of the main hypotheses addressed in this chapter was that Salinispora spp. produce 

cytotoxic specialized metabolites that deter predation by bacterivorous eukaryotes. Since there 

is evidence that S. tropica and S. arenicola exhibit different competitive strategies, I also 
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hypothesized that Salinispora spp. possess different predator deterrence strategies. 

Interestingly, C. elegans showed a marked preference for S. arenicola over S. tropica, indicating 

that one spp. may be less palatable to bacterivores. Chemical extracts generated from S. tropica 

strains deterred C. elegans whereas S. arenicola extracts acted as chemoattractants indicating 

that Salinispora species do indeed possess different predator deterrence strategies. The primary 

deterrent compounds isolated from S. tropica strains were the known cytotoxic lomaiviticins. 

Since C. elegans are not a marine species, and thus not ecologically relevant test organisms, I 

then looked at the deterrent effects of Salinispora secondary metabolites on marine 

polychaetes and nematodes. The results mirrored those observed in the C. elegans feeding 

assays when polychaetes were given a choice between habitats with and without Salinispora 

spp. Developing assays to test marine nematodes feeding or habitat preference proved difficult 

but introducing these predators to S. tropica extracts resulted in mortality over a relatively short 

time period. However, S. arenicola extracts were much less lethal, indicating that even with 

ecologically relevant bacterivores, S. tropica appears to be better chemically defended than S. 

arenicola.   

3.3 Methods 

3.3.1 Salinispora strain selection and culturing 

 A total of ten strains of S. arenicola and eight strains of S. tropica, all with sequenced 

and annotated genomes, were selected to test potential feeding deterrence against C. elegans 

(Table 3.1). These strains were selected based on their shared and unique biosynthetic gene 

clusters with the aim of maximizing unique BGCs in the test panel. Cultures were grown in liquid 

A1 marine media (10 g starch, 4 g yeast extract, 2 g peptone, 16 g agar, 750 mL 0.2 μm filtered 
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seawater, 250 mL deionized water) for seven days prior to use in assays. 

3.3.2 C. elegans maintenance and sterilization 

 C. elegans N2 was acquired from the Troemel laboratory at UCSD and maintained on 25 

mL agar plates of nematode growth media (NGM) (Fisher scientific) seeded with 300 μL of E. coli 

OP50. C. elegans cultures were kept on the lab bench at 20-25°C and transferred to new plates 

every three days. To generate axenic cultures of C. elegans for use in feeding assays, an adapted 

protocol from Wormbook was used (Stiernagle, 2006). This procedure involves the lysis of E. coli 

and C. elegans, leaving only viable C. elegans embryos. Briefly, C. elegans cultures were 

thoroughly washed with 1 mL of DI water after which 700 μL was transferred to a 1.5 mL 

 

S. tropica S. arenicola 

CNT250 CNY679 

CNY012 CNX482 

CNS197 CNS205 

CNT261 CNS820 

CNS416 CNY231 

CNB536 CNH963 

CNR699 CNQ884 

CNH898 CNY280 

CNY678 CNY244 

CNB440 

Table 3.1 Salinispora strains used for multi-strain plates 
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Eppendorf tube. 300 μL of a 2:1 solution of 5% sodium hypochlorite and 5 M sodium hydroxide 

was aliquoted into the Eppendorf tubes to lyse the adult C. elegans and E. coli. The slurry was 

vortexed vigorously every 2 minutes for 10 minutes then spun at 1300 x g for 30 seconds in a 

desktop centrifuge. 800 μL of supernatant was then removed gently so as not to disturb the 

pellet. 800 μL of fresh DI water was added to the pellet and the sample was vortexed before 

repeating the centrifugation step three times to thoroughly wash away any remaining 

bleach/sodium hydroxide solution. After vortexing to distribute the viable embryos in DI water, 

10 μL of the egg solution was examined under the dissecting scope to determine egg 

concentration. The solution was then diluted with sterile DI water to generate a final 

concentration of 8 embryos/μL. 

3.3.3 Live Salinispora spp. assay setup 

 75 mL of A1 marine media was poured into 150 mm x 15 mm petri plates. Salinispora 

strains were then cultured alongside an E. coli strain OP50 to provide C. elegans with a choice 

between the two food sources (Fig. 3.1A). To generate the assay plates, 25 μL of each Salinispora 

strain (culture conditions described previously) was inoculated onto the agar plates. The 

cultures were spaced 4 cm apart and allowed to establish for 7 days. One day before C. elegans 

addition, 25 μL of E. coli strain OP50, grown in 50 mL LB broth Miller (Fisher Scientific) for 2 days, 

was added 2 cm away from each Salinispora colony so that there was a food source every 2 cm 

in a row on the agar plates (Fig. 3.2). ~75 C. elegans eggs were then seeded equidistant between 

each pair of food sources (E. coli vs S. tropica or E. coli vs S. arenicola) (Fig. 3.2). Since C. elegans 

migrate towards food sources, the number of live C. elegans on each culture was counted using 

a dissection scope 24 hrs after C. elegans embryo addition as a proxy for feeding. Six replicate 
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plates were prepared for each Salinispora strain. 

 

 

Figure 3.2 Live culture C. elegans feeding preference. Orange circles are Salinispora colonies. 

A) Plate with 10 S. tropica strains added. Black dots indicate sites where E. coli was added. 

Red x’s mark the placement of C. elegans eggs. B) Assay results for one plate seeded with 9 

S. arenicola strains. 

Figure 3.1 Workflow for assays studying effects of Salinispora on eukaryotic predators. A) C. 
elegans feeding preference using live Salinispora spp, either S. tropica (St) or S. arenicola (Sa). 
B) C. elegans (CE) feeding deterrence by Salinispora extracts, when given a choice between 
food with Salinispora extract (T) or media control (C). C) effects of Salinispora on Ophryotrocha 
habitat preference D) marine nematode survivorship in response to Salinispora extracts.   
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 To determine if one species of Salinispora was preferred over the other, multi-species 

plates similar to the ones previously discussed were generated; this time S. tropica was cultured 

adjacent to S. arenicola (Fig. 3.1A). Again, cultures were grown for 7 days in liquid A1 media, 

then 25 μL of each culture was spotted 2 cm apart on A1 plates. Strain placement was random 

for each plate except that an S. arenicola strain was always cultured next to an S. tropica strain. 

C. elegans embryos were transferred to the plates 7 days after Salinispora inoculation and the 

numbers of C. elegans individuals on each colony counted after 24 hrs.  

3.3.4 Large scale cultivation and extraction 

Four strains of S. tropica and five strains of S. arenicola were selected for large-scale 

fermentation and extraction to generate crude organic extracts for the feeding assays and 

bioassay-guided fractionation. These strains were selected randomly from 12 S. tropica strains 

and 62 S. arenicola strains with sequenced genomes in an effort to get an unbiased 

representation of the Salinispora spp. Starter cultures were grown from cryovials in 50 mL of A1 

marine media (75% seawater) for seven days. For all nine strains, 1 mL from each culture was 

then transferred and spread on six large petri plates containing 75 mL of A1 with 1.4% agar and 

grown for 15 days. Agar plates were then chopped into 1x1 cm blocks and shaken with EtOAc in 

a 2.5 L culture flask for 2 hours. After shaking, the ethyl acetate (EtOAc) was filtered (qualitative 

p8 fluted filter paper, Fisher) to remove any cell and agar debris, transferred into a round bottom 

flask, and dried on a rotary evaporator. The extracts were then re-dissolved in 5 mL of EtOAc, 

transferred to pre-weighed vials, re-dried, and stored at -4°C.  

3.3.5 Salinispora extract feeding deterrence 
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 One milligram of extract was dissolved in 50 μL DMSO and transferred to sterile 10 mL 

glass culture tubes. 1 mL of autoclaved E. coli was then added to each extract generating an 

extract concentration of 1 mg/mL. This concentration represented, on average, a 2x 

concentration of the initial extract weights per liter of culture. Media controls were similarly 

prepared. Since the media control resulted in relatively low yields of extract compared to 

Salinispora cultures, volumetric equivalents of media were used instead in the assays. I.e., if 1 

mg of Salinispora extract was derived from a 25 mL A1 agar plate, then the control used would 

be the total extract from 25 mL of A1 agar.  

 E. coli was grown in 50 mL LB media for 2 days then autoclaved to sterilize the cultures. 

25 μL of autoclaved E. coli was mixed with Salinispora crude extract to generate a final 

concentration of 1 mg/mL crude extract and transferred to a 60 mm x 15 mm petri dish 

containing 4 mL of NGM. A media control was placed 1 cm apart from the treatment. ~75 C. 

elegans embryos were placed on each plate equidistant from both food sources, with an average 

of 6 plates per trial. The number of C. elegans per food source was counted 24 hrs. after C. 

elegans embryo addition (Fig 1B).  

3.3.6 Bioactivity-guided compound isolation 

 Salinispora strains that produced chemodeterrent extracts against C. elegans were 

grown in 2 L scale (A1 without agar) to provide enough material for bioassay-guided isolation. 

Salinispora starter cultures were generated as described previously. After 7 day, 25 mL of each 

starter culture was added to a 2.8 culture flasks containing 1 L of A1 marine media. After 12 days 

with shaking at 195 rpm, ~5 g sterile 1:1 mixture of XAD-7 and XAD-16 Amberlite resin (Fisher 

Scientific) was added to each flask. The cultures grew for another 3 days after which the resin 

and cell mass was filtered out using cheese cloth and eluted using 500 mL of acetone. The 
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acetone extracts were then dried and tested for feeding deterrence activity at 1 mg/mL. Active 

crudes were then dissolved in 1:1 hexanes and EtOAc, loaded onto silica, dried down, and 

subjected to normal phase fractionation on a silica column using the following fractionation 

scheme: 100% Hexanes, 50%:50% EtoAc: Hexanes, 100% EtOAc, 5%:95 MeOH:DCM, 20%:80% 

MeOH:DCM, 100% MeOH. Fractions were then dried under nitrogen and subjected to feeding 

deterrence assays using concentrations that C. elegans would encounter had they been exposed 

to the Salinispora cultures. To determine this concentration, the mass of the crude extract or 

fraction was divided by the volume of the culture (typically 1 L).  

 Active fractions were subjected to additional rounds of fractionation to isolate the 

active compound.  This was accomplished using reversed phase preparative HPLC with the 

following conditions: 0-100% acetonitrile (0.1% TFA): 100-0% H2O (0.1% TFA) over 20 minutes 

with the first 2 minutes of the run discarded. In some cases, HPLC fractions were subjected to 

another round of preparative HPLC under isocratic conditions: 30:70 H2O (0.1%TFA): ACN 

(O.1%TFA). Active fractions were analyzed on the Agilent 1100 series HPLC and the Agilent 6500 

Q-TOF MS/MS to get an understanding of the compounds present. MS/MS parameters are 

described in detail in chapter 2. 

3.3.7 Lomaiviticin C quantification and activity 

 Lomaiviticin C was provided by the Seth Herzon lab (Yale). To quantify lomaiviticin C in 

the S. tropica cultures, a standard curve was generated by making a dilution series of lomaiviticin 

C standard at 0.5 mg/mL, 0.1 mg/mL, 0.075 mg/mL, 0.05 mg/mL, 0.01 mg/mL, and 0.005 mg/mL. 

The dilution series was injected on an Agilent HPLC 1100 series in triplicate using parameters 

described previously, and the area under the curve for the lomaiviticin C peak at 450 nm was 

calculated. These data were plotted and fit with a linear regression (R2=0.99). The four S. tropica 
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strain were then run on the same HPLC and the area under the curve for the peak matching that 

of lomaiviticin C was used to calculate concentration.  

 The concentration at which lomaiviticin C deterred C. elegans feeding was determined 

by testing a dilution series (0.5 mg/mL, 0.1 mg/mL, 0.075 mg/mL, 0.05 mg/mL, and 0.01 mg/mL) 

in the previously described E. coli assay. 

3.3.8 Ophryotrocha habitat preference assay  

 Ophryotrocha n. sp. were maintained in culture by the Greg Rouse lab. Briefly 

Ophrytrocha were collected from the effluent line of the moon jelly tanks at the Birch Aquarium, 

SIO. Individuals were transferred to containers with frozen spinach as a food source with a 

seawater drip. Habitat preference assays were designed to provide the test organisms with two 

agar-based habitats with which they could interact (Fig. 3.1C). For this assay, half of the agar 

plate contained live Salinispora culture while the other half contained media controls. The live 

cultures were prepared by as described previously. 

 To make the bifurcated agar plates, first A1 marine media was added to molten agar at 

55°C to create a final concentration of 1.2% agar and 8 mL were poured in 60 mm plates. Once 

dry, half the agar was removed, and 2 mL of molten agar in seawater (2.4%) at 55°C was 

combined with 2 mL of live Salinispora culture and added to the plates. Once fully dried, 5 

Ophryotrocha were added to the middle of the plates, so that they were touching both the 

control and treatment substrates and the plate was flooded with 1.5 mL of sterile seawater to 

facilitate Ophryotrocha movement. Time-lapse photography was used to monitor Ophryotrocha 

position over one hour and the number of Ophryotrocha present in each habitat counted every 

five minutes. Five plates were run per trial and plate orientation was randomized to negate 

influence from abiotic factors such as light sources or airflow. Habitat preference was measured 
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as a percent of Ophryotrocha per substrate per hour. To test if the activity was due to extractable 

chemical compounds, this assay was repeated using extracts of Salinispora at 1 mg/mL next to 

volumetric equivalent concentrations of A1 media control (described previously). Extracts were 

added to molten 75% seawater agar that had cooled to 55°C to minimize heat induced 

compound degradation. 8 mL of molten agar containing media extracts (control) were poured 

in 60 mm plates. Once dry, half the agar was removed and 4 mL of molten agar containing 

Salinispora crude extract (1 mg/mL final concentration) was added to the portion of the plate 

without media. Ophryotrocha were introduced to the plates and monitored as described 

previously. 

3.3.9 Marine nematode assays 

Sediment was collected by bucket around the Carrie Bow Cay field station in Belize in 

September 2015. The sediment was rigorously mixed by hand and the overlying seawater 

decanted through a 2 mm mesh to collect suspended biota. The samples were transferred to a 

petri dish and examined under a dissecting scope. Marine nematodes were recognized based 

on morphology, picked out of the samples by forceps and transferred to a container with 

seawater. To determine the effects of Salinispora extracts on these nematodes, marine agar 

plates were prepared containing 1 mg/mL concentration of either an S. tropica (CNB440) extract 

or an S. arenicola (CNS679) extract. Control plates containing volumetric equivalents of A1 

media extract were also prepared. Ten nematodes were placed on each plate and three plates 

were prepared for each species. Nematode survivorship was monitored over six hours on each 

plate. Nematodes were considered dead if they were unable to respond to prodding (Fig 3.1D).  

3.3.10 Statistical analysis 

T-tests or Wilcoxon rank-sum tests were used to analyze the data. If sample sizes were 
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large (n>8) and the distribution was relatively normal based on a histogram analysis in R, a 

student’s t-test was used to evaluate significant differences between treatments or treatments 

and controls. For sample sizes with n<8, a non-parametric t-test was used (Wilcoxon rank-sum 

test) (Wilcoxon, 1945). These analyses were conducted in R (R Development Core Team, 2011), 

and graphs were generated in Microsoft Excel. All graphs contain standard deviation error bars. 

 

3.4 Results and Discussion 

3.4.1 Salinispora mediated C. elegans feeding preference 

 C. elegans feeding preference was tested against a total of 18 Salinispora strains.  The 

first assay was designed to determine if C. elegans preferred live cultures of Salinispora species 

or E. coli as a food source (Fig.  3.1A). The results reveal a marked preference for E. coli cultures 

(Fig. 3.3). 89.5% of the C. elegans localized to the E. coli cultures, which can be viewed as a proxy 

for feeding, whereas only 10.5% were observed on the Salinispora colonies (p=0.00001, 

student’s T-test, n=42). Preference was monitored over several time points (24, 30, and 36 hrs.) 

of the first trial, but no noticeable change in C. elegans preference was observed. Therefore, 24 

h was used for all future trials. The results provided evidence that live Salinispora cultures are 

less favored by C. elegans and open the possibility that this difference is chemically mediated. 

Interestingly, I noted morphological differences between the two Salinispora species, with S. 

arenicola cultures typically forming numerous small colonies whereas S. tropica cultures were 

more densely compacted with little space between colonies (Fig. 3.2). 

Since Salinispora species have unique chemical and morphological phenotypes, I next 

evaluated if C. elegans preferred S. tropica or S. arenicola. In this case, C. elegans were given the 

choice between colonies of S. tropica and S. arenicola on agar plates. Significantly more C. 
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elegans were observed interacting with the S. arenicola colonies than with the S. tropica 

colonies in both trials (Fig. 3.4). For trial one, 73% of C. elegans were on S. arenicola colonies 

(n=54, p<0.01), and in trial two, 84% of C. elegans were on S. arenicola colonies (n=54, 

p<0.0001). This indicates that C. elegans has a clear preference for S. arenicola over S. tropica.   

 

 

 

Figure 3.3 Salinispora / E. coli feeding preference assay. A) Percent of C. elegans on A1 agar 

plates containing either S. tropica or E. coli food sources. B) Percent of C. elegans on A1 agar 

plates containing either S. tropica or E. coli food sources. Error bars represent standard error. 

Figure 3.4 Salinispora spp. feeding preference assay. Bar graphs represent percent of C. 

elegans per food source with error bars representing standard error A) Percent of C. elegans 

on either S. tropica or S. arenicola food sources for trial 1 B) Percent of C. elegans on either 

S. tropica or S. arenicola food sources for trial 2 
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To determine if Salinispora feeding preference was due to extractable metabolites 

produced by the less preferred species, it was necessary to develop a feeding assay that could 

accommodate organic extracts. Since Salinispora spp. extracts are rich in bioactive metabolites, 

using live E. coli cultures as the food source was not an option as the extracts would likely be 

lethal to the E. coli. As an alternative, I was able to show that C. elegans will readily feed on 

autoclaved E. coli and was able to develop an alternative assay using this food source. 

Preliminary studies showed that C. elegans was capable of surviving on the autoclaved food 

source until it was depleted (>2 days for 15 µL with ~75 individuals).  

Salinispora extracts were tested at 1 mg/mL, which, on average, was a 2x concentration 

of the extract. Extracts were concentrated 2x to be slightly liberal with the initial feeding 

deterrence profiling to emphasize the effects of compounds that may exhibit weak deterrent 

properties. S. tropica crude extracts at 1 mg/mL deterred feeding by C. elegans relative to the E. 

coli control in three of four S. tropica strains tested (Fig. 3.5B). Although strain CNB440 was not 

deterrent (student’s t-test p= 0.397), S. tropica as a species exhibits significantly more feeding 

deterrence (student’s t-test p value= 2.5x10-6) than S. arenicola, suggesting that specific 

metabolites produced by this species may be responsible for the deterrence. The levels of 

deterrence detected in the live culture assays were not reproduced in the extract assays 

indicating that there may also be other factors that contribute to the activity or that the 

extraction process was not exhaustive in capturing the deterrent compounds. 

 For three of the five S. arenicola strains tested, crude chemical extracts exhibited 

chemoattractant properties relative to media controls, indicating that C. elegans has a 

preference for crude extracts from strains CNH820, CNY679, and CNS205 at the concentration 

tested (n=8, p<0.05) (Fig. 3.5A). All three of these strains possess the BGC for the highly cytotoxic 

kinase inhibitor staurosporine, making C. elegans’ preference for these extracts surprising. This 
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lack of deterrence could be a result of several things: staurosporine is not very effective against 

C. elegans, the S. arenicola strains were producing this compound at low concentrations or not 

at all, or S. arenicola produces compounds with such strong chemoattractant properties that C. 

elegans feed on these extracts despite their cytotoxic properties. Since mortality rates were not 

monitored in this assay, it is not known if these chemoattractive extracts ultimately resulted in 

C. elegans mortality.  

 Since S. tropica extracts exhibited feeding deterrence, I wanted to determine if any 

specific compound(s) could be linked to this activity. All three deterrent S. tropica strains were 

regrown in 2 L volume, extracted, and the extracts tested for activity. The crude extract from all 

three strains was active, so strain CNY012, which produced the most crude material, was picked 

for bioactivity guided fractionation. Normal phase flash fractionation resulted in one fraction 

(100% MeOH) containing all observed activity (Fig. 3.6, 3.7A). Further purification using  

Figure 3.5 Results of Salinispora spp. secreted metabolite mediated feeding assays. Bar 

graphs represent percent of C. elegans on treatment or control autoclaved E. coli food source. 

A1 media was used as a control extract, and the right most pairing in the bar graph represents 

percent C. elegans on either a food with A1 extract or solvent control.  All error bars represent 

standard error and asterisks denote Student’s T-test p values <0.05 A) Percent of C. elegans 

feeding on either autoclaved E. coli containing S. arenicola crude extracts or A1 media 

extracts. B) Percent of C. elegans feeding on either autoclaved E. coli containing S. tropica 

crude extracts or A1 media extracts. 
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reversed phase HPLC separation under a simple acetonitrile:water gradient resulted in the 

generation of three fractions. Activity testing indicated that the second fraction (8-14 minutes) 

contained the feeding deterrence compounds (Fig. 3.7B). Although this fraction was still rather 

complex, subsequent fractionation did not result in better purification, and it was determined 

that the active compound(s) were breaking down. Analysis of fraction 2 indicated that it 

contained lomaiviticins A and C, which were confirmed by UV and mass (Fig. 3.6b, 3.6C). 

However, there also appeared to be other lomaiviticins present including likely breakdown 

products in this fraction. All of the described lomaiviticin compounds have been shown to have 

cytotoxic properties with lomaiviticin A inhibiting numerous cell lines at sub-nanomolar 

concentrations (Woo et al., 2012).  

The lomaiviticins were unstable and co-eluted during fractionation, which hindered our 

ability to successfully purify the analogues. Therefore, a lomaiviticin C standard was acquired 

from the Seth Herzon lab (Yale) and tested for bioactivity. Lomaiviticin C, although the least 

cytotoxic lomaiviticin analogue reported to date due to the lack of one diazo group (Woo et al., 

2012), still exhibited C. elegans feeding deterrence at 0.05 mg/mL (Fig. 3.7D).  
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Efforts were then taken to identify and quantify lomaiviticin C in the S. tropica extracts. 

The three deterrent S. tropica strains all contained lomaiviticin C, however HPLC analysis 

indicated that there was no lomaiviticin C in the extract from strain CNB440, the only S. tropica 

strain that did not deter C. elegans (Fig. 3.8). Lomaiviticin C abundance was quantified using a 

standard curve (Fig 3.9A). Strain CNY012 extracts contained the highest quantity of lomaiviticin 

C at 8.2 µM, with CNS197 and CNH898 extracts containing 5.2 µM and 3.4 µM respectively (Fig. 

Figure 3.6 Bioassay guided fractionation leading to the isolation of lomaiviticins as the 

deterrent compounds in the S. tropica extracts. A) Bioassay guided fractionation scheme 

from the crude CNY012 extract to the active fraction containing a suite of lomaiviticins. 

Indicated are the conditions for each round of fractionation. A green check mark indicates 

activity on the C. elegans feeding deterrence assay. Also provided are the weights of each 

fraction. B) Base peak chromatogram of the 100% MeOH Fr 2 active fraction containing 

lomaiviticins. The masses are provided for two of the most abundance peaks in the 

chromatogram which match lomaiviticin C (670.59 m/z) and lomaiviticin D (677.59 m/z). C) 

Absorbance spectra for the 100% MeOH Fr2 fraction, both ELSD and 254 nm are shown. The 

major peak at 254 nm matches the standard for lomaiviticin C as indicated by the library 

spectra match highlighted. 
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3.9B), falling well above previously published IC50 values for lomaiviticin C cytotoxicity against 

cancer cell lines (0.2-0.9 µM) (Woo et al., 2012). However, these concentrations were lower than 

those that inhibited C. elegans (0.05 mg/mL or 36 µM). There were other lomaiviticins present 

in the sample (e.g., lomaiviticin A) that possess more potent cytotoxicity, which may work in 

consortium with lomaiviticin C to deter feeding by C. elegans. Purifying other lomaiviticin 

analogues is needed to determine if and how these compounds work together to deter C. 

elegans.  

 

 

  

 

Figure 3.7 Activity of the CNY012 fractions against C. elegans feeding assays and lomaiviticin 

C standard minimum deterrence calculation. Bar graphs represent percent of C. elegans on 

treatment (T) or control (C) autoclaved E. coli food source. A1 media extract was used as a 

control. All error bars represent standard error and asterisks denote Student’s T-test p values 

<0.05. A) Percent of C. elegans feeding on either autoclaved E. coli containing CNY012 

normal phase fractions or A1 media extracts. B) Percent of C. elegans feeding on either 

autoclaved E. coli containing Reverse phase fractions of the CNY012 100% MeOH fraction or 

A1 media extracts.  C) Percent of C. elegans feeding on either autoclaved E. coli containing 

lomaiviticin C at several different concentrations or A1 media extracts.   
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Figure 3.8 UV profile at 450 nM for the four S. tropica strains tested in the C. elegans 

deterrence assays as well as the lomaiviticin C standard. Peaks that matched the lomaiviticin 

C standard are circled. Retention time is offset to better visualize the individual peaks. 

 

 

Figure 3.9 Quantification of lomaiviticin C in the S. tropica strains. A) Lomaiviticin C 

standard curve with equation and R2 value. B) Bar graph depicting concentration of 

lomaiviticin C (µM) in the four S. tropica strains tested. Error bars are standard deviation 

 

Retention time (min) 
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3.4.2 Feeding assays using marine predators 

An assay was designed to assess whether Salinispora cultures or organic extracts 

affected the habitat preference of the polychaete Ophryotrocha n. sp. Since Ophryotrocha are 

grazers, they migrate towards areas rich in palatable bacteria and detritus. The purpose of this 

assay was to determine if Ophryotrocha avoided areas containing Salinispora cultures or 

extracts. Bifurcated agar plates containing live Salinispora or Salinispora extract on one half of 

the plate, and the other half containing media controls were seeded with Ophryotrocha and 

their position monitored over one hour. Given the choice of substrates infused with live S. 

tropica cultures or media controls, Ophryotrocha spent the majority of time in the control 

habitat (n=13, p<0.0005) (Fig. 3.10A). To determine if the preference was due to secreted 

compounds, S. tropica extracts were similarly tested and were also determined to have 

deterrent properties (n=10, p<0.001) (Fig. 3.10B).  S. arenicola plates were also avoided 

compared to controls (live S. arenicola n=13, p<0.05, S. arenicola extract n=10, p=0.26) (Fig. 

3.10C&D). However, S. tropica extracts were less preferred than those of S. arenicola. The fact 

that S. tropica extracts are less preferred by a polychaete and deter feeding by C. elegans 

suggests it produces secondary metabolites that deter diverse types of bacterivorous 

eukaryotes.  
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Since C. elegans is not a marine species, and the Ophryotrocha used were not derived 

from the tropical sediments where Salinispora are typically found, I decided to test the effects 

of Salinispora extracts on nematodes obtained from sediment samples collected off the coast 

of Belize where Salinispora has been cultured (from Chpt 2). Unfortunately, due to the way these 

nematodes interacted with the agar substrate, it was not possible to perform habitat preference 

assays similar to those used for Ophryotrocha sp. However, I noticed that any marine nematode 

that interacted with agar containing S. tropica extracts died within several hours. Building from 

Figure 3.10 Results of Ophryotrocha habitat preference assays. Bar graphs represent percent 

of time over an hour that Ophryotrocha spent on each habitat with error bars representing 

standard error. Asterisks indicate statistical significance based on a student’s t-test A) 

Percent of time over an hour Ophryotrocha spent on either a habitat containing S. tropica 

live culture or A1 media (control).  B) Percent of time over an hour Ophryotrocha spent a 

habitat containing S. tropica extract or A1 media extract (control).  C) Percent of time over 

an hour Ophryotrocha spent on either a habitat containing S. arenicola live culture or A1 

media (control).  D) percent of time over an hour Ophryotrocha spent on a habitat containing 

S. arenicola extract or A1 media extract.  
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this observation, I performed nematode survivorship assays on treated and control agar plates 

over a time course of 6 hours. When subjected to agar containing 1 mg/mL of crude extract from 

S. tropica strain CNB440, marine nematode survivorship was reduced to 0% within 6 hours 

during trial 1 and 15% in trial 2 (Fig 3.11). In contrast, nematode survivorship on control plates 

containing volumetrically equivalent concentrations of media extract was 100% and they 

survived on these plates for several days.   

 S. arenicola strain CNS205 crude extract did not exhibit similar nematode mortality 

levels as those generated from S. tropica, and at 1 mg/mL concentrations survivorship remained 

above 90% (Fig 3.11). However, if the extract concentration was increased three-fold to 6 

mg/mL, the marine nematodes perished (data not shown). This indicates that S. arenicola 

produces cytotoxic metabolites, but they could be relatively low in concentration or not nearly 

as potent as those produced by S. tropica. S. tropica strain CNB440 was used in these nematode 

assays because they were conducted before the C. elegans crude extract trials revealed that this 

strain had the weakest activity of all S. tropica strains tested. If one of the other S. tropica strains 

from the C. elegans assay is tested in a future field collection trip, nematode survivorship will 

likely be affected at a much lower concentration. 
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3.5 Discussion 

It has been well documented that sediment bacteria are prolific producers of cytotoxic 

specialized metabolites (Burja et al., 2001; Jensen et al., 2015), however the ecological roles of 

these compounds remain largely speculative. Cytotoxins produced by phototrophic 

cyanobacterial mats have been shown to deter grazing from macro-organisms (Cruz-Rivera and 

Paul, 2007), but there has been little effort to address the ecological functions of cytotoxic 

compounds produced by heterotrophic sediment bacteria. This study implemented a series of 

novel predator preference assays to determine the effects of the sediment inhabiting marine 

actinomycete genus Salinispora on the feeding preferences of eukaryotic bacterivores. To our 

Figure 3.11 Survivorship curves for benthic marine nematodes on agar with either S. tropica 

strain CNB440 crude extract at 1 mg/ml, S. arenicola strain CNS679 crude extract at 1 mg/ml, 

or agar with a volumetric equivalent of A1 media extract. Error bars represent standard 

deviation over the replicates, and the assay was performed twice with S. tropica extracts and 

once with S. arenicola extracts, with both results depicted on the same graph (trial 1 and trial 

2). 
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knowledge, this is the first evidence that compounds produced by heterotrophic, sediment-

inhabiting marine bacteria deter eukaryotic predators.  

 A limitation with microbial chemical ecology studies looking at predator deterrence is in 

the lack of established assays to study these intradomain interactions. For instance, C. elegans 

bacterial preference has been studied in detail, but there has not been an easily adoptable assay 

developed to determine the effects of specialized metabolites on C. elegans food preference. 

Further, no assays had been developed to assess the effects of allelochemicals on Ophyrotrocha 

feeding or migration patterns. This study was the first to address these issues, resulting in the 

development of simple assays that can be conducted in field to help identify chemodeterrence.  

Nonetheless, there are several limitations to these analyses in terms of ecological 

relevance. For one, the Salinispora strains were grown in nutrient rich media. As a result, they 

likely produce metabolites in a much higher abundance than that found in nature. In addition, 

it is unknown if the lomaiviticins are produced in situ, so they may not aid in predator 

deterrence. A targeted metabolomic analysis of the sediments looking for lomaiviticins, may add 

additional support to their proposed ecological role. Efforts are needed to better determine 

ecologically relevant test concentrations. 

Molecular analyses have revealed that the sediment bacterial community possess an 

incredible amount of diversity. Interestingly, numerous species tend to co-occur despite 

possessing similar genetic makeup, indicating that there are forces driving speciation at a 

relatively small spatial scale. Bacterial lineages may fall into ecologically cohesive units or 

ecotypes that experience higher levels of homologous gene transfer within than between 

clades, leading to the co-occurrence of relatively similar bacterial species (Cohan, 2002). These 

ecotypes are maintained by ecological pressures. An example of this was recently shown within 
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the genus Salinispora. Both S. arenicola and S. tropica co-occur with >99% 16S similarity, 

suggesting they inhabit different niches allowing them to remain unique species.  it was shown 

that these species exhibit different competitive strategies against prokaryotes in the 

environment. S. arenicola, by the production of antagonistic specialized metabolites and S. 

tropica, by fast growth and the production of siderophores to deplete iron in the environment 

(Patin et al., 2015). This study further supports these findings, revealing that S. tropica inhibits 

predation, despite S. arenicola remaining susceptible. This would indicate that S. arenicola’s 

specialized metabolome makes it better suited for habitats rich in prokaryotes but with low 

predation, whereas S. tropica can better compete and grow in areas with higher eukaryotic 

predation.  

 It was not surprising that the lomaiviticins were implicated in S. tropica’s feeding 

deterrence. These compounds are potent cytotoxins which cause double stranded DNA breaks 

at nanomolar to subnanomolar concentrations (Colis et al., 2014). Also, the lomaiviticin BGC is 

present in all S. tropica strains with sequenced genomes, whereas the lom BGC is absent in all S. 

arenicola strains (Letzel et al., 2017). The fact that the lom BGC is fixed in S. tropica indicates 

that the products it encodes likely serve an important ecological role hence its conservation 

within the species. However, it cannot be ruled out that other compounds may aid in the 

observed chemodeterrence. Although these compounds may not exhibit deterrent properties 

at the concentrations they are produced when tested in isolation, similar to the lomaiviticins, 

they may aid in the observed deterrence of the crude extract through some unexplored 

synergistic property, thus adding to the complexity of metabolite mediated ecological 

specialization. Future studies should examine the effects of multiple specialized metabolites in 

consortium on the effects of predator deterrence. 
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In chapter 2 I discovered that staurosporine was abundant in the benthic environment 

and that S. arenicola was likely a producer of this cytotoxin. This led me to believe that S. 

arenicola would likely deter predation through the production of staurosporine. Interestingly, I 

found that S. arenicola extracts were not nearly as deterrent as those produced by S. tropica. In 

fact, the Salinispora compound that appeared to act as the main predator deterrent was 

lomaiviticin, not staurosporine. However, staurosporine still exhibited chemodeterrent 

properties at high concentrations, as seen in chapter 2, which may be realized in the sediment 

at the spatial scale that Salinispora and its predators occur. it would be interesting to see if 

lomaiviticins were being produced in the sediments, despite them not being detected in the 

sediment metabolomic analysis. Lomaiviticins typically do not ionize well and little is known 

about their binding/extraction efficiency, so control experiments should be conducted to 

determine the best means to isolate these compounds from the environment.  

 Since Salinispora spp. are capable of producing compounds that affect the habitat 

and/or feeding preference of eukaryotic predators, they could affect the structure of the overall 

benthic microbial community. Eukaryotic community dynamics are probably influenced not only 

by available food sources but also the environmental conditions created by other community 

members. Therefore, if Salinispora strains are secreting compounds that create a spatial barrier 

to eukaryotes, other more susceptible microbes are likely shielded from predation through 

associational defense (Hay, 1986). These results not only indicate the importance in 

understanding the effects of secreted metabolites on the community, but also indicate the need 

to understand the relative abundance of these compounds in nature. If cytotoxins are only being 

produced at sub-inhibitory concentrations, then they may have more subtle effects on 

predators, such as behavioral effects or habitat avoidance (Wahl et al., 1994). Further research 
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is needed to better understand if these compounds are present and if they are, their 

concentrations.  
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Chapter 4 

Elucidating the Salinispora “inductome” through prokaryotic co-culturing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

105 
 

 

4.1 Abstract 

The genomics era has provided unprecedented insight into the number of biosynthetic 

gene clusters found in bacterial species. This has led to the understanding that many bacterial 

species possess enormous biosynthetic potential to make specialized metabolites. However, 

compound isolation from classic culturing techniques typically does not yield the number of 

metabolites that would be suggested based on genomic content. One reason for this 

discrepancy is that specialized metabolite production can be induced by environmental 

stressors that are not integrated into classic culturing paradigms. Numerous species from the 

chemically important bacterial order Actinomycetales have been shown to have a highly 

inducible metabolome when co-cultured with other bacteria. However, few studies have been 

conducted in a high throughput manner to determine the overall inductome of actinomycetes 

in response to bacterial challengers. Using six bacterial challenge strains, I conducted a high 

throughput co-culturing study with 20 strains of the obligate marine actinomycete genus 

Salinispora. Results indicate that induction is both strain specific with different induced mass 

features found in co-cultures using every Salinispora strain as well as every bacterial challenger 

strain. Efforts were then taken to dereplicate known compounds from the Salinispora coculture 

inductome, revealing that desferrioxamines were shown to be induced in a Salinispora tropica 

strain in response to Streptomyces challengers as well as solvent stress. This indicates that that 

some Salinispora strains regulate siderophore production in response to stressors including 

specific bacterial competitors.  
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4.2 Introduction 

In chapter 3, I provided evidence that Salinispora tropica secondary metabolites deter 

predatory eukaryotes. For these assays, crude extracts derived from Salinispora monocultures 

were tested and used for bioassay guided isolation of the deterrent compounds. This study 

focused solely on constitutively expressed secondary metabolites and ignored the possibility 

that Salinispora strains regulate compound expression in response to environmental stimuli. In 

this chapter, I looked at the possibility of inducing secondary metabolite production in response 

to bacterial competitors.  

With the recent advances in genetic sequencing technology coupled with the rapid 

decrease in cost, an unprecedented number of genomes have become available for data mining 

(Benson et al., 2015). An interesting finding from these data sets is that numerous bacterial 

species possess more biosynthetic gene clusters (BGCs) that likely code for natural products than 

the compounds that have been isolated from them to date would suggest (Bentley et al., 2002; 

Janso and Carter, 2010; Letzel et al., 2017; Omura et al., 2001; Ziemert et al., 2014). One reason 

for this discrepancy is that these “orphan” BGCs no longer produce compounds. However, the 

bacterial genome is typically under strong selective pressure to eliminate traits that do not 

provide a selective advantage and thus vestigial or noncoding genes are often removed 

(Lawrence et al., 2001). Another theory is that these pathways are under strict regulatory control 

and are therefore only produced under specific conditions. Since the production of secondary 

metabolites tends to be an energetically intensive process, constitutive expression of chemical 

compounds would likely hinder producer fitness (Callahan et al., 2008). It would thus make 

evolutionary sense for metabolite producing microbes to be able to regulate chemical synthesis 

such that induction occurs in response to specific biotic stressors (Callahan et al., 2008). Recent 

studies have shown metabolite induction is quite prevalent in the microbial realm (Bertrand et 
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al., 2013; Garbeva et al., 2011; Jousset et al., 2010, 2008; Patin et al., 2018; Seyedsayamdost, 

2014; Slattery et al., 2001; Trischman et al., 2004). One of the first examples of this was the 

enhancement of antimicrobial activity when marine microbes were co-cultured with terrestrial 

pathogens (Mearns-Spragg et al., 1998). Other co-culturing experiments have further 

demonstrated the inducibility of chemical compounds, including the production of pyocyanin by 

P. aeruginosa when grown in solution with Enterobacter species (Angell et al., 2006), and the 

production of antimicrobial compounds by P. flourescens when co-cultured with Pedobacter and 

Brevundimonas strains (Garbeva et al., 2011).  

Actinomycetes are not only prolific producers of secondary metabolites, but also have 

been shown to have an inducible metabolome. Numerous bacterial species have been shown to 

induce compound production in actinomycetes including mycolic acid containing bacteria, 

Gram-negative species, and specialized metabolite producers (Okada and Seyedsayamdost, 

2017). S. coelicolor has been shown to recognize iron chelators from microbial competitors in 

the environment and produce its own suite of ferrioxamines in response. This induction can be 

incredibly specific with unique siderophores being produced in response to each competitor, 

indicating that compound induction can be species specific in actinomycetes (Traxler et al., 

2013). Mycolic acid containing bacteria have been shown to induce pigment production as well 

as novel antibiotics in S. lividens (Onaka et al., 2011). Even Vibrio species have been shown to 

induce compound production in actinomycetes (Patin et al., 2018). Induction is not limited to 

just bacteria-bacteria interactions but has also been observed in response to predation. For 

instance, Pseudomonas fluorescens lipopetide biosynthesis was induced in response to 

protozoan predation (Mazzola et al., 2009; Song et al., 2015). 

A recent analysis of 119 Salinispora genome sequences identified 176 distinct secondary 

metabolite pathways and led to estimates that the genus contains upwards of 250 (Letzel et al., 
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2017). Yet only 28 compounds have been discovered to date from this genus. However a 

transcriptomic analysis on several Salinispora strains revealed that a large number of secondary 

metabolite BGCs are not expressed when the strains are grown in mono-culture (Amos et al., 

2017). The discrepancy between compounds isolated and BGCs could be attributed to several 

reasons: some compounds may be produced in too low yield to be detected by the methods 

employed, some compounds may not be extractable using classic extraction protocols, some 

pathways may be nonfunctioning, and some pathways may require be regulated and require 

signals to induce production.  

Salinispora inhabit tropical marine sediments. Microbial diversity in sediments is quite 

high with up to 109 individuals occurring in a gram of sediment (Alongi, 1988). Bacteria have 

developed numerous strategies to compete in these environments. Salinispora have been 

shown to produce metabolites that inhibit predatory eukaryotes, antimicrobial agents, and 

chelator compounds, (Patin et al., 2015; Roberts et al., 2012). However, due to the dynamic 

nature of these environments, there is likely temporal variability in biotic pressures on 

Salinispora. It would thus be energetically favorable for Salinispora to express compounds on a 

more targeted basis. There is some evidence to support this, with secondary metabolite 

production in one strain of S. tropica increasing when co-cultured with a gram-negative Vibrio 

strain (Patin et al., 2018).  

Induction can be assessed using MS-based metabolomics, such as molecular networking 

which allows for the comparison of metabolomes. Molecular networking is based on the 

acquisition of metabolomic data from bacterial extracts that are analyzed by high pressure liquid 

chromatography coupled with tandem mass spectrometry (LC-MS/MS). LC-MS/MS has proven 

to be an effective technique to separate and acquire mass as well as structural information 

about individual compounds found in crude extracts. Because the application of MS2 to crude 
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extracts can result in hundreds of fragmentation spectra, analyses can be difficult and time 

consuming (Frank et al., 2008). Recent applications such as MS-cluster and the online Global 

Natural Products Social Molecular Networking tool (GNPS) (Wang et al., 2016) have allowed for 

better organization and visualization of MS2 data (Bandeira et al., 2007; Frank et al., 2008; Stein 

and Scott, 1994). MS-cluster cuts down on the number of spectra by grouping identical 

fragmentation spectra together and GNPS creates similarity indices between compounds with 

related fragmentation patterns. When visualized using programs such as Cytoscape (Smoot et 

al., 2011), mass spectra can be easily compared between extracts and analyzed for the 

identification of novel mass features. Using these tools, molecular profiles from various cultures 

can be compared so that differences can be quickly identified, and compounds targeted for 

further analysis.  

Mass spectrometer protocols typically involve active exclusion parameters that limit the 

number of times specific ions are fragmented (MS2) and maximize the number of features that 

are subjected to fragmentation.  Most ions are only fragmented 2-3 times regardless of their 

abundance providing no information as to their relative quantity. As a result, molecular 

networking, which relies on fragmentation spectra, does not provide information concerning 

the relative abundance of specific ions. Without relative abundance data, identifying ions that 

are upregulated due to co-culturing becomes rather difficult. However, MS1 events still contain 

information as to an ions intensity and as such can be used to determine the relative abundance 

of similar features between different samples. Since manually comparing MS1 features to look 

for upregulated ions between numerous data sets would be extraordinarily laborious, the 

program Metaboanlayst was generated. Metaboanalyst is an online pipeline that provides an 

easy to use, statistical platform to quickly pull out features that are significantly different 

between two or more samples (Chong et al., 2018).   
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Since Salinispora has numerous “silent” gene clusters, I hypothesized that co-culturing 

this genus alongside biotic stressors would result in the induction of secondary metabolites. In 

order to test this hypothesis, I developed a semi-high-throughput method to look for induction 

in response to a panel of challenge strains that possess properties that have been shown to 

induce secondary metabolite production. Using the GNPS pipeline for the generation of 

molecular networks, as well as Metaboanalyst, I identified the induced metabolome or 

“inductome” that resulted when Salinispora was challenged with other bacterial species. Results 

indicate that co-culturing Salinispora with bacterial competitors resulted in the upregulation of 

compounds for every pair tested, and that this induction was unique to each coculturing pair, 

with S. arenicola cocultures exhibiting the highest number of induced features. Further 

experiments verified that desferrioxamine production was upregulated in S. tropica strain 

CNB440 in response to stressors. 

4.3 Methods 

4.3.1 Bacterial selection and culturing 

Twenty Salinispora strains with sequenced genomes were selected for induction studies 

based on specialized metabolite potential due to the presence of diverse biosynthetic gene 

clusters (Fig. 4.1). One and a half mL of each strain frozen in glycerol was added to 50 mL of A1 

marine media (formula in chapter 2) in 125 mL culture flasks and shaken for 12 days prior to the 

addition of the challenge strain. 6 bacterial challenge strains were selected to co-culture with 

Salinispora due to properties that had previously been shown to elicit induction (Table 4.1). One 

and a half mL of each strain that was frozen in glycerol was added to 50 mL A1 marine media in 

a 125 mL flask and shaken for 3 days prior to inoculation alongside the Salinispora strains. 
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Salinispora co-culturing 

Ten μL aliquots of each Salinispora strain were transferred to 24 well plates (Evergreen 

scientific), with each well containing 1.5 mL A1 marine media with agar (0.8%). In total for each 

Salinispora strain, 21 wells (3 replicates to be cultured with each of the 6 challenger strains and 

3 replicates as a monoculture control) were inoculated (Fig 4.2). Several of these strains were 

also inoculated in 12 more wells and extracted over a time course as a control. Salinispora were 

left on the plate for four days, after which 10 μL of each bacterial challenger strain was 

inoculated adjacent the Salinispora colony in three wells. Ten μL of each bacterial challenger 

was also inoculated in wells in triplicate, and they were left as a monoculture control. The co-

cultures were given four days to interact after which they were extracted by adding 1.5 mL of 

1:1 DCM:MeOH to the wells. The solvent was left in the wells for 20 minutes after which it was 

transferred to 2 mL amber scintillation vials and left in a chemical hood for 3 days to dry. Once 

dry, the extracts were dissolved in 1 mL of MeOH and centrifuged at 10,000 x g to remove 

particulate. 200 µL of each supernatant was transferred to a 1.5 mL scintillation vial and 

analyzed by LC-MS/MS. 
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Figure 4.1 Map of secondary metabolite pathways present in the 20 Salinispora strains used 

in the study. Black box indicates presence of a BGC.  
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4.3.2 LC MS/MS data acquisition  

 LC-MS/MS settings were based on those that have proven effective for these types of 

analyses (Duncan et al., 2015). Samples were analyzed with a Bruker Iontrap amaZon SL coupled 

to an Agilent 1260 LC system (Santa Clara, CA. USA]. A Phenomenex Kintex (Torrance, CA) C18 

Figure 4.2 Workflow for detecting specialized metabolite induction in Salinispora co-cultures.  

 

Table 4.1 Bacterial challenger strains and the rationale for why they were chosen.  

Elicitor species Rationale Reference

Vibrio sp. Strain CUA 759E Previously shown to induce specialized metabolites in 

S. tropica

Patin et al. , 2018

Gordonia sp. strain CNJ 752 Mycolic acid induce Onaka et al. , 2011

Bacillus Sp strain CNJ 758 gram negative species

Streptomyces sp. strain CNQ 525 produces numerous specialized metabolites Traxler et al. , 2013

Micromonospora sp. Strain CNZ 286 produces numerous specialized metabolites / most 

closely related genus to Salinispora

Mincer et al. , 2002

Streptomyces sp. strain CNZ 306 produces numerous specialized metabolites Traxler et al. , 2013
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reversed-phase HPLC column (2.6 mm, 100 x 4.6 mm) was attached to the Agilent 1260 system 

and the samples were run under the following LC conditions: 1–2 min: 10% MeCN (0.1% FA) in 

H2O (0.1% FA), 2–14 min: 10–100% MeCN (0.1 % FA), 14-15 min: 100 % MeCN (0.1 % FA) for 0.75 

mL/min. The divert valve was set to waste for the first 3 min. Iontrap MS settings during the LC 

gradient were as follows: Acquisition: positive ion mode, mass range m/z 200–1600, MS scan 

rate 3/s, MS/MS scan rate 5/s, fixed collision energy 20eV; Source: gas temperature 300°C, gas 

flow 11 L/min; Nebulizer 45 psig; Scan source parameters: VCap 3000, Fragmentor 100, 

Skimmer1 65, OctopoleRFPeak 750. MS data was analyzed with Bruker data analysis software 

(Bruker). 

4.3.4 Molecular networking 

 The MS/MS data from all replicates was converted to mzXML from Bruker files (.d) using 

the Trans-Proteomic pipeline (Institute for Systems Biology, Seattle, USA) (Deutsch et al. 

2010). Files were then uploaded to the MASSive server (UCSD) via the FTP client Filezilla 

(https://filezilla-project.org). Uploaded files were accessed and networked using the Global 

Natural Products Social Molecular Networking (GNPS) pipeline, which helps in the dereplication 

of compounds by comparing their fragmentation spectrum against a spectral library. GNPS also 

creates a molecular network which clusters features together based on their chemical similarity 

as determined by their fragmentation patterns (Wang et al., 2016). GNPS utilizes MS-Cluster, an 

algorithm that compares MS2 spectra with similar parent masses using an ion tolerance of 0.5 

Da and assigns a cosine similarity score to each pair. Pairs with a cosine score higher than 0.95 

were combined into consensus spectra and treated as a single feature during the networking 

process (Frank et al., 2007). After MS-Cluster grouped consensus spectra, the spectral networks 

algorithm compared consensus MS/MS spectra, to network features with similar fragmentation 

spectra. The algorithm parameters included a mass tolerance for fragment peaks (0.5 Da), 

file:///C:/Users/nickson/Google%20Drive/Jensen%20lab%20work/Writing/thesis/l%20%22_ENREF_9%22%20/o%20%22Deutsch,%202010%2329%2522
file:///C:/Users/nickson/Google%20Drive/Jensen%20lab%20work/Writing/thesis/l%20%22_ENREF_9%22%20/o%20%22Deutsch,%202010%2329%2522
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parent mass tolerance 0.5 Da, the minimum number of matched peaks per spectral alignment 

(4), a minimum cluster size of 2, and a minimum cosine score of 0.6. When comparing two 

spectra, a higher cosine score represents higher similarity of MS/MS spectra and therefore the 

corresponding molecules. The data were then visualized in the program Cytoscape, which 

created a network of nodes and edges (Smoot et al., 2011). The built in solid layout was applied 

to the visualized networks, and nodes containing parent ions from solvent blanks and controls 

were subtracted from the network.  Nodes that only contained induced parent ions were 

represented as pie graphs with the colors indicating what sample the MS/MS spectra came from. 

A standalone dereplication tool provided by GNPS was also used to identify known features in 

the network. Parameters were the same as those described above. Potential hits were manually 

verified by looking at the mirror spectra plots for each match. 

4.3.5 Determination of upregulated mass features 

Metaboanalyst was used to identify features that were upregulated in the co-cultures. 

The program requires .csv feature tables that contain mass features present in each sample and 

their relative intensities provided there are at least 3 replicates per treatment. To generate 

these files and filter out noise from the MS1 chromatograms, the program MZmine v. 2.31 was 

used (Pluskal et al., 2010). The following MZmine parameters were applied in sequential order 

to generate the feature table: mass detection, chromatogram builder, chromatogram 

deconvolution, order peak lists, join aligner, peak finder, and peaks list rows filter. The 

parameters for mass detection were MS level 1 from 0-12 minutes with the mass detector set 

to centroid and the noise threshold at 2x105. For the chromatogram builder the parameters 

were MS level 1 from 0-12 minutes with a minimum time span of 0.02 minutes, a minimum 

height of 5.0x105 and an m/z tolerance of 0.5. The chromatogram deconvolution parameter was 

configured using the noise amplitude algorithm with a minimum peak height of 5.0x105 and an 
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amplitude of noise at 8.0x105. For the join aligner the parameters included an m/z tolerance of 

0.1 Daltons with an m/z weight of 20, a retention time (RT) tolerance of 5.0% and a RT weight 

of 10. The peak finder was configured with an intensity tolerance of 40%, an m/z tolerance of 

0.2 Daltons, and a retention time tolerance of 3.0%. Finally, the peak list rows filter was applied 

with default settings. The files were then assigned groups based on the origin of the samples 

(I.e. monoculture, co-culture, etc.) and exported as a Metaboanalyst file. 

The feature tables were uploaded to Metaboanlayst and run on the statistical analysis 

pipeline (Chong et al., 2018). They were subjected to log transformation and Pareto scaling to 

generate a relatively normal distribution of mass feature intensities. Once the files were 

transformed and filtered, a heat map was generated in Metaboanalyst showing the 100 features 

with the most significant difference in abundance between samples as determined by ANOVA 

and Fisher’s Least significant difference test. Results were downloaded as a table and features 

that showed signs of induction were manually verified in the Bruker Data Analysis platform to 

confirm upregulation and assess novelty.  

4.3.6 Siderophore induction assays 

To determine if the challenge strains or the Salinispora strains were producing 

compounds that were induced in the co-culture assays, Salinispora strains CNB440, CNT150, 

CNZ306, and CNQ525 were each grown for 2 weeks in 50 mL A1 marine media after which 200 

µL was transferred to 12 (100 mm x 16 mm) petri dishes (Fisher scientific) containing 20 mL of 

A1 media with agar and left for 4 days. The Streptomyces strains were tested against CNB440 

and CNT150, and the Salinispora were tested against CNZ306 and CNQ525. To determine if the 

induction was in response to cellular contact or secreted metabolites, cell free supernatant, 

autoclaved culture, and crude organic extracts were generated from each strain and Salinispora 
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treatments were added to Streptomyces cultures and Streptomyces treatments were added to 

Salinispora cultures. Cell free supernatant was generated by centrifuging 15 mL of 14-day old 

culture in a falcon tube (Fisher scientific) on a Bechman culture centrifuge at 5,000 g for 5 

minutes. The supernatant was then filtered through a 0.2 micron filter (Whattman). 100 µL of 

supernatant was added to each monoculture. The remaining cell pellet was then washed three 

times in 10 mL of 0.2 micron filter sterilized sea water, resuspended in 15 mL of seawater and 

autoclaved. 100 µL of autoclaved, washed cells were then added to the monocultures to 

determine if live cells were needed for induction. To generate crude chemical extracts, 10 mL of 

each culture was extracted with 20 mL of EtOAc. The extract was then dried and dissolved in 5 

mL of MeOH. 100 µL of extract dissolved in MeOH was spotted adjacent to the colonies on the 

plates. 100 µL of MeOH was also spotted as a solvent control. After treating the cultures with 

autoclaved cells, supernatant, MeOH, or chemical extract, the plates were left for four days, 

after which they were transferred to 125 mL flasks and extracted with 30 mL of 1:1 DCM:MeOH 

for 20 minutes. The DCM:MeOH extract was filtered through a P8 coarse fluted filter paper 

(Fisher Scientific, Hampton, NH) into 8 mL glass scintillation vials and dried under nitrogen, and 

the remaining water was frozen and lyophilized. Extracts were redissolved in 10 mL of MeOH, 

filtered through a 0.2 micron filter, and subjected to LC-MS/MS analysis as described previously. 

Results were uploaded to Metaboanlayst and analyzed using the previously described 

parameters. Files were also uploaded to GNPS for dereplication and all matches manually 

compared using Metaboanalyst. 
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4.4 Results 

4.4.1 Salinispora co-cultures 

20 Salinispora strains were co-cultured against six different bacterial challenge strains 

to assess the Salinispora inductome. The Salinispora strains were selected due to their BGC 

diversity (Fig. 4.1) and consist of 13 S. arenicola strains, 3 S. tropica strains, and 4 S. pacifica 

strains. Of the 119 Salinispora strains with sequenced genomes, S. tropica appears to be the 

most clonal when it comes to BGC composition, so the fewest strains were chosen from this 

species. The challenge strains were chosen because they possess properties previously shown 

to induce specialized metabolism in bacteria. This includes a Vibrio sp. that induced compound 

production in S. tropica, a mycolic acid containing strain, specialized metabolite producers, and 

fast-growing Gram-negative species (Table 2.1). 

4.4.2 induced features determined by molecular networking  

Samples were analyzed by mass spectrometry and fragmentation spectra were 

uploaded to GNPS for analysis. Overall 8,638 unique parent ions were fragmented after the 

removal of blanks. Of those, 833 parent ions (9.64%) appeared to be induced in at least two of 

three replicates. These features were visualized as a molecular network, where parent ions were 

represented as nodes with the color corresponding to the Salinispora strain used in the co-

culture that produced the parent ion (Fig. 4.3). Nodes that contained features that appeared in 

multiple co-cultures were represented as pie graphs, with the size of the slices equal to the 

relative number of times that ion was fragmented per co-culture. This can be used to get an idea 

of the relative abundance of a parent ion in one co-culture against the other co-cultures. Several 

compounds were dereplicated when compared to the GNPS library, including several 

amphiphilic desferrioxamines (DFO), which contained acyl side chains of various carbon lengths. 
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These desferrioxamines showed up in several strains and species but appeared to be most 

prominent in co-cultures containing S. tropica strain CNB440 (Fig. 4.3). 

 

 

The molecular features were then compared to determine how induction varied 

between co-cultures using different Salinispora strains and species. There was huge variability 

in the number of induced features per strain, with some Salinispora strains showing induction 

of around 30 features, whereas others had upwards of 200 features (Fig. 4.4A). As for the 

challengers, there was less disparity between number of induced features when co-cultured 

Figure 4.3 Molecular network consisting of features that were only found induced in at least 

two of three replicates. Parent ions are represented as nodes with edges connecting ions 

with similar fragmentation spectra. Nodes are represented as pie graphs with colors 

corresponding to the Salinispora strain used in the co-culture that produced the parent ion. 

Two molecular families are highlighted that matched library fragmentation spectra for 

desferrioxamines (DFO) containing acyl side chains with carbon lengths denoted.  
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with the Salinispora strains. Co-cultures with the Vibrio sp. elicited the fewest number of 

features at 292, and co-cultures with the Gordonia sp. induced the most features at 388 (Fig. 

4.4B). The mean number of induced features was 341 for the challenge strains with a standard 

deviation of 35.5 features. 

  The average number of features per Salinispora spp. was also not very different. S. 

arenicola produced the highest number of induced features per strain at 99, S. tropica second 

at 84 and S. pacifica with 76 (Fig. 4.4C). However, the induction per strain was so variable that 

these trends were not significant. For instance, the range of induced features between co-

cultures with S. arenicola strains varied from 21 to 196 (Fig. 4.4A). Looking at the diversity of 

features across the samples revealed that co-cultures with S. arenicola contained the highest 

number of unique features at 426, although this is likely due to the larger sampling size 

compared to the other two species (Fig. 4.4D). The number of features shared among the strains 

was 43, indicating that some induced features may be common to the genus. There were also 

over 200 features unique to two of the three Salinispora spp. (Fig. 4.4D).  However, it cannot be 

determined if these features were produced by the challenge strains in response to Salinispora, 

as this study was not able to differentiate bacterial producers in the co-culture.  
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4.4.3 induced features determined by Metaboanalyst 

Since over 800 induced features were detected in the co-cultures using GNPS, attempts 

were made to determine which induced features were most abundant. The GNPS pipeline does 

not have the ability to differentiate upregulated features in co-cultures compared to 

monocultures. Instead, feature tables were uploaded to Metaboanalyst, a program that 

conducts statistical analyses to distinguish features that are significantly different between 

Figure 4.4 Number of induced features from cocultures containing the different Salinispora 

species determined by molecular networking. A) Pie graph representing the number of 

induced features from the cocultures of each Salinispora strain. B) Pie graph representing 

the number of induced features per challenge strain cocultures. C) Bar graph depicting the 

average number of induced features in cocultures containing one of the three Salinispora 

spp. error bars are standard deviation. D) Venn diagram showing the relationship between 

induced features for the Salinispora cocultures 
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samples. Once the data is transformed and normalized, Metaboanalyst conducts an ANOVA on 

features as well as post hoc tests which can be visualized as a heatmap or series of boxplots. The 

features that were significantly upregulated in the co-cultures were compiled into a table 

consisting of 58 features across the 20 Salinispora cultures (Table 2.2). There were far fewer 

features that appeared to be significantly upregulated after the Metaboanalyst analysis (58) in 

comparison to the GNPS molecular networking analysis (866). This is likely due the fact that 

rather conservative filtering parameters were used in the generation of the Metaboanalyst file 

and because only the top 100 upregulated features were analyzed between the samples, which 

included numerous features in the monocultures. These settings were used to prioritize the 

most abundant upregulated features to make future isolation easier. 

 Interestingly, there were few upregulated features shared between co-cultures with 

different Salinispora strains, with only one feature being shared between four strains, and two 

features between three strains. The same was seen for the challenge strains, where most 

features were induced in co-cultures with a single challenger. The most induced features were 

seen in the co-culture containing Streptomyces strain CNQ525, however features were seen 

from co-cultures with all challengers. These results support the notion that induction is highly 

variable among strains. 
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Table 4.2 Features that were significantly upregulated in the co-cultures. Shown are the 

features (m/z), as well as the strains used in the co-culture(s) that produced the features  
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4.4.2 Siderophore upregulation in S. tropica strain CNB440 

 Several of the most significantly upregulated features from the Metaboanalyst analysis 

were the same features that GNPS dereplicated as desferrioxamines (Fig 4.3). These masses 

appeared to be upregulated to the greatest extent when CNB440 was co-cultured with either 

of the two Streptomyces challenge strains (CNQ525 and CNZ306) (Fig. 4.5). Efforts were taken 

to identify which of the strains in the co-culture were producing these compounds. Previous 

work from the Kolter lab showed that when certain strains of Streptomyces are grown next to 

other actinomycetes they start producing a suite of desferrioxamines with acyl side chains 

varying in length from 7-20 carbons, (Traxler et al., 2013), similar to those identified in this 

study.  To determine which strains were responsible for the production of the siderophores, 

cell free supernatant, chemical extract, and autoclaved cells from the Streptomyces strains 

were introduced to the Salinispora cultures, and the same Salinispora treatments were added 

to the Streptomyces strains. Surprisingly, upregulation was only seen when Streptomyces 

treatments were added to Salinispora strain CNB440, which resulted in the upregulation of 

C11-15 acyl-desferrioxamine, C10 amphiphilic ferrioxamine, and desferrioxamine (FIG 4.6, 4.7). 

The addition of MeOH as well as cell free supernatant appeared to induce the greatest 

upregulation in siderophore production. Since MeOH can permeate the cell membrane and 

damage the cell, this may indicate that siderophore production is a general stress response in 

Salinispora. However, the increase in each siderophore analogue was not uniform indicating 

that Salinispora may be capable of upregulating production of specific siderophores depending 

on the environmental stressor. Out of the four treatments, autoclaved cell pellets brought 

about the lowest production of siderophores, suggesting that siderophore upregulation may 

be in response to secreted chemical signals found in the cell free supernatant or chemical 

extract. 



 
 

125 
 

 

Figure 4.5 Clustered heatmap depicting the average of each of the top 50 upregulated 

features in the CNB440 co-cultures and monocultures based on an ANOVA analysis. Color 

indicates the fold change in intensity for each feature compared across the samples after log 

transformation and Pareto scaling, with red indicating a higher intensity and blue a lower 

intensity. Blue boxes indicate upregulated features that match desferrioxamines. 
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Figure 4.6 Upregulation of desferrioxamines in S. tropica strain CNB440 in response to 

Streptomyces elicitors. The bars represent the fold change between the relative intensities 

of the features after they were log transformed and subjected to Pareto scaling. Only 

features that contained statistically significant upregulation between the monoculture 

control and at least one treatment were selected. Blue bars represent monocultures, orange 

bars autoclaved cells, grey bars MeOH solvent controls, yellow bars are cell free supernatant, 

and light blue bars are crude chemical extracts.  Error bars are standard deviation. 
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Figure 4.7 Mirror spectra plots comparing the fragmentation spectra from the GNPS library 

to the spectra from the CNB440 + supernatant extract for the amphiphilic DFOs. The green 

spectra are from the library, whereas the black spectra are from the sample. 
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4.5 Discussion 

 Secondary metabolite induction has been well documented in the microbial realm, but 

more exhaustive studies of the “inductome” remain warranted (Abdelmohsen et al., 2015; 

Okada and Seyedsayamdost, 2017).  Genomic insight has led to the understanding that many 

bacterial species have enormous untapped biosynthetic potential, yet the underlying ecological 

signals to bring about their production are poorly understood (Abdelmohsen et al., 2015; Letzel 

et al., 2017). Thanks to advances in analytical chemistry, metabolomes can easily be analyzed 

and annotated allowing for high-throughput screening (Seyedsayamdost, 2014). The marine 

actinomycete genus has enormous biosynthetic potential, with over 170 annotated BGCs, yet 

the number of compounds isolated from this genus pales in comparison (Letzel et al., 2017). 

What has been learned to date about natural product production in the genus Salinispora is 

mostly based on metabolites that have been isolated from monocultures grown in the 

laboratory (Jensen et al., 2015). These results provide little understanding of how competition 

from the natural environment impact secondary metabolism. Recent efforts have shown that 

Salinispora mediate specialized metabolite production in response to environmental isolates; 

however, this study took a relatively narrow approach studying the interaction between a 

Salinispora tropica strain and various bacterial isolates (Patin et al., 2018). This study is the first 

to more comprehensively study the effects of bacterial challengers on the metabolome of the 

three described Salinispora species. Together these results indicate that the inductome of co-

cultures using Salinispora is relatively large and variable among strains. The fact that so few 

induced metabolites matched spectral libraries indicates that there is likely abundant chemistry 

to be elucidated from Salinispora cocultures despite decades of concerted efforts studying the 

genus’s metabolome when grown axenically. One difficulty in isolating and characterizing 

specialized metabolites from bacterial cultures is acquiring enough material. Although 
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molecular networking helps visualize the inductome, it provides little information as to a 

features abundance. This can hinder efforts to isolate compounds since it is hard to determine 

which features would provide enough material for isolation. The integration of Metaboanalyst 

into the analysis pipeline allows for the determination of significantly upregulated features 

rather quickly, which can be helpful in prioritizing masses for further isolation. 

 Unfortunately, decoupling the metabolomes from the two co-cultured bacteria remains 

a difficult task and as such individual features cannot be assigned to a specific bacterial producer 

but instead only a co-culture. Production of compounds that appeared in co-cultures from 

numerous Salinispora strains but only a single challenger may suggest it’s produced by the 

challenger but without conducting follow up studies definitive assignments cannot be made. 

However, co-cultures can easily be scaled so that significantly upregulated features can be 

isolated for drug discovery purposes. Also, chemical extracts or cell free supernatant from 

challenge strains can be added to Salinispora that exhibit the most interesting / highest levels 

of induction in the co-cultures to determine if the Salinispora is the actual producer of the 

induced compounds.  

 Since the bacterial environment is teaming with biotic and abiotic stressors, it is hard to 

determine which signals induce specialized metabolism. This study only tests the effects of 

individual challenge strains on Salinispora induction. However, in the environment, Salinispora 

is exposed to chemical signals from the entire microbial community, and this synergism has 

untold effects on Salinispora specialized metabolism. Even adding a third bacterial species to a 

co-culture has effects on antibiotic production, as seen in S. coelicolor (Abrudan et al., 2015). To 

fully understand the inductome of Salinispora many co-culture experiments will need to be 

conducted using a myriad of elicitors in consortium.  
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 The creation of relatively easy and high throughput methods to induce secondary 

metabolism will likely increase the discovery of bioactive compounds. Studies that use defined 

chemical elicitors to induce specialized metabolism have already been met with success 

(Seyedsayamdost, 2014). However, this is one of the first times that the model genus Salinispora 

has been used in a high throughput induction screen.  

 Using model organisms such as Salinispora provide numerous benefits since they have 

been studied in the lab for decades. For instance it has been shown that different culturing 

parameters influence the secreted metabolome of Salinispora, and that culturing members of 

this genus on agar substrates results in the production of a more diverse metabolome 

(Crüsemann et al., 2017). Also, the genomes of over 100 strains have already been sequenced, 

which could allow the marriage of both the inductome and genome datasets to identify new 

compounds as well as their BGCs. Future endeavors could include bioassay guided fractionation 

to prioritize compounds with potential pharmaceutical promise, as well as transcriptomics to 

identify upregulated BGCs in co-culture conditions. Taken together, this could be a promising 

way to identify novel chemistry and quickly link it to its biosynthetic gene clusters. 

 The hydrophilicity of siderophores can be modified by the addition of acyl moieties at 

various carbon lengths. When the acyl side chain is relatively short with 10 or less carbons, the 

siderophore diffuses in the aqueous environment, however siderophores containing an acyl 

moiety between 12-16 carbons can form vesicles and micelles in the environment (Butler, 2005; 

Martinez, 2000). It has been documented that in areas where iron is not limiting, bacterial 

species produce siderophores that readily diffuse in the aqueous environment, however when 

iron is extremely limiting such as in near shore sediments, bacteria produce amphiphilic 

siderophores, which is thought to keep these iron scavenging compounds closer to the 

producing cell (Boiteau et al., 2016). Salinispora occurs in tropical sediments where iron is 
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limited so production of these amphiphilic desferrioxamine species fits with these hypotheses.    

 Siderophore production has been shown to be rampant in both terrestrial and marine 

bacteria, with some studies showing that unique siderophore production can be induced in 

response to competition (Traxler et al., 2013). Although desferrioxamine production is well 

documented in Salinispora, especially strain CNB440, the amphiphilic siderophores identified in 

this study have not been documented from CNB440 in the past (Ejje et al., 2013; Roberts et al., 

2012). These results mirror those seen in Streptomyces, where the biosynthesis of 

desferrioxamine with acyl moieties appears to be rather flexible (Traxler et al., 2013). The 

production of these siderophores by certain Salinispora strains in response to bacterial 

competitors indicates that nutrient sequestration is a competition strategy exhibited by some 

Salinispora strains. The fact that only certain Salinispora strains appear to exert this competitive 

strategy indicates competition can be strain specific within Salinispora. Interestingly, S. tropica 

strain CNB440 also upregulated numerous desferrioxamines in response to solvent stress, 

indicating that siderophore regulation may also be a sort of SOS response to cellular harm.  

 This high throughput coculturing experiment indicates the potential for using novel 

culturing techniques to gain a better understanding of how the environment influences the 

metabolome from organisms that have been studied for decades. Coculturing experiments such 

as this one shows that we may be missing enormous amounts of chemical potential buried in 

our freezers. By considering ecologically relevant stressors, a better understanding of the 

chemical potential of bacteria can be garnered. 
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Chapter 5 

 Concluding thoughts  
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5.1 Concluding thoughts 

Since the advent of modern chemical ecology studies in the 1950’s, we have come to 

understand that chemically mediated interactions are important in structuring the environment 

(Abelson 1994; Wietz et al. 2013; Hay 2009). Even though we are beginning to understand the 

types of ecological roles that these chemicals possess, there is a huge swath of the compounds 

that have been isolated from organisms that still have unknown ecological functions (Abelson 

1994). This is troubling since they may possess important roles in the ecosystem and aid 

organisms in ways that we have never seen previously. For instance, extracts from the marine 

actinomycete Salinispora were shown to alter the bacterial community composition of bacterial 

mesocosms from marine sediments where this genus occurs (Patin et al. 2017). Overall, marine 

sediment bacteria have been shown to be prolific producers of specialized metabolites; 

however, few of these compounds have been linked to ecological roles, and even less is known 

about their production in the environment (Wietz et al. 2013). 

One of the fundamental tenants of bacterial chemical ecology is to realize how bacterial 

metabolites impact the environment (Takken and Dicke 2006). However, due to the difficulty in 

conducting studies in situ, which can often require difficult analyses to determine the bacterial 

community and the chemical interactions they are facilitating, most studies are conducted in 

laboratory settings. Only recently have technological advancements progressed to the point 

where we can elucidate the chemical interplay of bacteria. The decreasing cost of genetic 

sequencing has allowed for the collection of immense amounts of genomic data, which has been 

used to understand the community structure as well as the metagenomic makeup of organisms 

across many habitats (Caporaso et al. 2010; Jansson and Baker 2016; Thompson et al. 2017). 

Unfortunately, understanding the genetic potential of a habitat does not always correlate to the 
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chemical interplay realized in these habitats, since numerous BGCs may not be functional, 

expressed, or translated (Machado, Tuttle, and Jensen 2017). One of the ways to address this 

issue requires the collection of environmental metabolomic data, which for a long time was 

impeded by the lack of instrumentation sensitive enough to accurately detect compounds. 

Thanks to advances in mass spectrometry, as well as the generation of large molecular 

databases, we can now deconvolute and visualize metabolomes with relative ease (Wang et al. 

2016; Bouslimani et al. 2014). These technological advancements are paving the way for in situ 

bacterial chemical ecology studies (Jansson and Baker 2016).  

The aim of my thesis was to gain a better understanding of the influence of bacterial 

specialized metabolites on sediments, focusing specifically on heterotrophic bacterial 

producers. Using Salinispora as a model organism, I took a holistic approach to studying the 

chemical ecology of microbial specialized metabolites; by trying to first understand what 

metabolites are present in the environment, why they are out there, and how bacterial 

competition effects their production. To accomplish these aims I wanted to look directly at the 

sediment metabolome to see if natural products could be identified in situ, providing insight into 

what can be detected in the environment as opposed to in culture. I then wanted to determine 

who was making these compounds and what sort of ecological roles these compounds 

possessed. Finally, I wanted to add ecologically relevant stressors in the form of co-culturing to 

see if this could induce compound production in Salinispora spp.  

Shallow sediments are home to an untold number of microorganisms. The 

heterogeneity alone is impressive, with individual sand grains being comprised of unique 

microbiomes containing thousands of bacterial species (Probandt et al. 2018). It is of no surprise 

then that these organisms have developed a means to compete for limited resources through 

the use of specialized metabolites (Wietz et al. 2013). The bacterial order Actinomycetales, for 
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instance, comprise numerous genera some of which are prolific producers of allelochemicals 

(Lam 2006; Doroghazi and Metcalf 2013; Jensen et al. 2005). However, our understanding of the 

chemical warfare going on within sediments is all from observations made in the laboratory 

where bacteria are typically grown axenically in nutrient rich conditions. This has called into 

questions whether or not these compounds are even produced in the environment, and if so, 

are they being produced at appreciable concentrations (Davies 2006). In chapter 2, using 

advanced mass spectrometry techniques combined with publicly available spectral databases, I 

was able to identify numerous compounds from the environment, including several known 

microbial specialized metabolites. By relating these compounds to a 16S rRNA community 

analysis, I was able to correlate the presence of the known cytotoxin staurosporine to 

Salinispora arenicola. Efforts to then quantify the abundance of staurosporine in the 

environment led to the surprising observation that this cytotoxin was being produced at 

millimolar concentrations, close to the concentrations typically seen in lab cultures. These values 

were orders of magnitude higher than those required to inhibit brine shrimp and cancer cell 

lines, indicating that this compound may be impacting sediment community structure.  

These analyses indicate that we are getting to the point where we can look at the 

environmental metabolome and detect the small molecules that mediate interactions and 

potentially shape community structure. This sort of analysis could have huge consequences on 

how microbial chemical ecology is studied since we can more accurately predict what sort of 

chemical interactions are at play in the environment, as opposed to assuming that compounds 

produced or extracted in laboratory settings possess ecological relevancy. Applying these 

methods to other marine environments will give us a better idea of what specialized metabolites 

are affecting marine communities. Unfortunately, elucidating the roles of bacterial compounds 

found in the environment is a difficult without culturing the producing microbe and conducting 
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follow up experiments since bacterial compounds are likely produced in low quantities. 

Therefore, traditional laboratory based chemical ecology approaches should be used in tandem 

with environmental omics to determine the functions of the compounds found in the 

environment. The utility of this approach is that by first understanding what compounds are out 

there, we can then better prioritize what compounds should be explored for their ecological 

functions. 

One of the early goals of microbial natural product research was the discovery of 

chemicals that could be harnessed for human applications. This led to the discovery of numerous 

compounds, notably those that exhibited antibiotic and anti-cancer properties. However, there 

has been a dearth of compounds discovered recently that exhibit novel modes of action, which 

is troubling when considering the current antibiotic crisis (Fernandes 2006). One of the exciting 

outcomes of the sediment metabolomics study was the number of potential compounds that 

are present in the sediments that were not identified using the GNPS spectral libraries. Not only 

does this point to how poorly we understand the chemical landscape of sediment communities, 

but that there is untold chemical potential that is unrealized in these habitats. Applying these 

adsorbent resin techniques on a larger scale may allow for the isolation of novel compounds 

that are not currently being found in traditional culturing studies. Essentially, we can use these 

methods to treat the sediment environment as our petri dish for drug discovery instead of 

relying on laboratory-based culturing techniques. 

In chapter 2, I observed that staurosporine was produced at relatively high 

concentrations in the sediments, and that one potential producer was Salinispora arenicola. 

Since this compound is a potent cytotoxin, I wanted to determine if Salinispora spp. specialized 

metabolites could deter eukaryotic predation. In general,  heterotrophic marine microbes have 

been shown to produce cytotoxic compounds, but little known about what sort of roles these 
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compounds play in the environment (Wietz et al. 2013). The Salinispora genus contains two 

species that co-occur in the sediments and produce unique cytotoxic compounds (Jensen, 

Moore, and Fenical 2015). To investigate why these compounds may be fixed within the 

Salinispora species, I designed several assays to test the effects of Salinispora compounds on 

bacterivorous eukaryotes. Interestingly a C. elegans feeding deterrence assay indicated that the 

extractable specialized metabolome from S. tropica acted as a strong feeding deterrent, 

whereas the metabolome from S. arenicola exhibited more chemoattractant properties. Further 

investigation revealed that the primary deterrent compounds from S. tropica were the 

lomaiviticins, potent cytotoxins that are capable of being produced by all S. tropica strains. 

Assays were also created using more ecologically relevant organisms, including a polychaete, 

Ophryotrocha sp. and marine nematodes. Results from these assays mirrored those seen in the 

C. elegans feeding deterrence assays, where S. tropica was more deterrent than S. arenicola. 

These results indicate that closely related co-occurring species may remain distinct species due 

to niche differentiation brought about, at least partially, by their specialized metabolome. This 

study adds to the growing evidence that closely related bacterial species may remain different 

species due, in part, to their specialized metabolome (Patin et al. 2015).  

One issue with laboratory based bacterial chemical ecology studies is that they typically 

avoid the introduction of stressors that bacterial spp. likely encounter in the environment. 

Culturing is done axenically and therefore these studies are limited to compounds that are 

constitutively expressed in nutrient rich culturing conditions. Our reliance on culturing in order 

to generate enough material for analytical studies will likely not be overcome; however, new 

culturing paradigms that use more natural settings are now being incorporated, such as the iChip 

which allows for culturing previously “unculturable” bacteria by using the natural environment 

as a petri dish (Nichols et al. 2010). For bacterial species that are more readily grown in the 
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laboratory, simply adding chemical elicitors to previously established culturing conditions can 

induce compound production (Patin et al. 2018; Okada and Seyedsayamdost 2017; 

Abdelmohsen et al. 2015). This indicates that the complex chemistry found in marine sediments 

likely influences specialized metabolite production from the bacterial community. Knowing that 

traditional culturing paradigms lack these natural chemical cues led me to develop a high 

throughput method to test the effects of bacterial challengers on Salinispora specialized 

metabolite production. Results mirrored those seen in previous co-culturing studies with 

actinomycetes; that induction is extremely strain specific for both the producing organism and 

the bacterial elicitor (Traxler et al. 2013). Efforts to determine some of the induced compounds 

led to the identification of the iron scavenging desferrioxamines being upregulated in 

Salinispora due to Streptomyces signals. These results indicate that studying Salinispora 

chemistry from axenic cultures may not provide an accurate representation of their specialized 

metabolome in the sediments. Since many bacterial species contain amazing biosynthetic 

potential that is unrealized in traditional culturing techniques, high throughput induction studies 

using ecologically relevant stressors will greatly inform our understanding of bacterial spp. true 

chemical input in the environment.  

Overall, the work described in this thesis emphasizes the importance of combining in 

situ work with laboratory studies to gain a better understanding of how bacterial species interact 

with their environment. By first looking at the environmental metabolome, organisms that are 

likely producing compounds in situ can be prioritized for further study. Then the producing 

organisms can be brought back to the lab, in part, to determine how their specialized 

metabolites affect the community they come from. However, these studies require a prior 

knowledge concerning the potential producing organism, such as how to isolate and culture 

them. Using a model genera such as Salinispora facilitates these types of studies since there is 
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already extensive knowledge concerning this genus’s biosynthetic potential and how to culture 

the species (Jensen, Moore, and Fenical 2015). To fully understand how bacterial specialized 

metabolites are impacting the environment, more information about what sort of biosynthetic 

potential is found in sediment bacteria, as well as how to isolate and culture the organisms 

needs to be determined. Only once we know how to culture and manipulate the bacteria in the 

sediments will we be able to understand what is happening in these densely populated 

communities.  

Microbial chemical ecology appears to be reaching an apex, in part, due to technological 

advancements (Jansson and Baker 2016). Thanks to advances in analytical techniques including 

imaging mass spectrometry and easy to use dereplication pipelines, we can now, rather quickly, 

get a snapshot of entire metabolomes (Bouslimani et al. 2014). Coupling these analyses with 

metagenomics allows us to dereplicate compounds, link them to known BGCs, and identify the 

possible producing organisms (Loureiro et al. 2018; Medema 2018; Nguyen et al. 2016). These 

advances are exciting because they indicate that the future of the field will not be limited by 

technology, but by asking the right questions. This allows us to shift from a more human-centric 

view of bacterial specialized metabolites to understanding how these compounds help structure 

entire communities.  
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